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The  invention  of  the  scanning  tunneling  microscope  in 
1981  has  led  to  an  explosion  of  a  family  of  instruments 
called  scanning  probe  microscopes  (SPMs).  One  of  the 
most  popular  instruments  in  this  family  is  the  atomic 
force  microscope  (AFM),  which  was  introduced  to 
the  scientific  community  in  1986.  The  application  of 
SPMs  has  penetrated  numerous  science  and  engineer- 
ing fields.  Proliferation  of  SPMs  in  science  and  tech- 
nology labs  is  similar  to  optical  microscopes  50  years 
ago.  SPMs  have  even  made  it  into  some  high  school 
science  labs.  Evolution  of  nanotechnology  has  acceler- 
ated the  use  of  SPMs  and  vice  versa.  The  scientific  and 
industrial  applications  include  quality  control  in  the 

semiconductor  industry  and  related  research,  molecular  biology  and  chemistry, 
medical  studies,  materials  science,  and  the  field  of  information  storage  systems. 

AFMs  were  developed  initially  for  imaging  with  atomic  or  near  atomic  resolu- 
tion. After  their  invention,  they  were  modified  for  tribological  studies.  AFMs  are 
now  intensively  used  in  this  field  and  have  lead  to  the  development  of  the  field  of 
nanotribology.  Researchers  can  image  single  lubricant  molecules  and  their  agglom- 
eration and  measure  surface  topography,  adhesion,  friction,  wear,  lubricant  film 
thickness,  and  mechanical  properties  all  on  a  micrometer  to  nanometer  scale.  SPMs 
are  also  used  for  nanofabrication  and  nanomachining.  Beyond  as  an  analytical 
instrument,  SPMs  are  being  developed  as  industrial  tools  such  as  for  data  storage. 

With  the  advent  of  more  powerful  computers,  atomic-scale  simulations  have 
been  conducted  of  tribological  phenomena.  Simulations  have  been  able  to  predict 
the  observed  phenomena.  Development  of  the  field  of  nanotribology  and  nanome- 
chanics  has  attracted  numerous  physicists  and  chemists.  I  am  very  excited  that 
SPMs  have  had  such  an  immense  impact  on  the  field  of  tribology. 

I  congratulate  Professor  Bharat  Bhushan  in  helping  to  develop  this  field  of 
nanotribology  and  nanomechanics.  Professor  Bhushan  has  harnessed  his  own 
knowledge  and  experience,  gained  in  several  industries  and  universities,  and  has 
assembled  a  large  number  of  internationally  recognized  authors.  The  authors  come 
from  both  academia  and  industry. 


vi  Foreword 

Professor  Bharat  Bhushan's  comprehensive  book  is  intended  to  serve  both  as  a 
textbook  for  university  courses  as  well  as  a  reference  for  researchers.  It  is  a  timely 
addition  to  the  literature  on  nanotribology  and  nanomechanics,  which  I  anticipate 
will  stimulate  further  interest  in  this  important  new  field.  I  expect  that  it  will  be  well 
received  by  the  international  scientific  community. 

IBM  Research  Division  Prof.  Dr.  Gerd  Binnig 

Rueschlikon,  Switzerland 
Nobel  Laureate  Physics,  1986 
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Columbus,  Ohio.  His  research  interests  include  fundamental  studies  with  a  focus  on 
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co-editor  of  Springer  NanoScience  and  Technology  Series  and  co-editor  of  Micro- 
system Technologies.  He  has  given  more  than  400  invited  presentations  on  six 
continents  and  more  than  140  keynote/plenary  addresses  at  major  international 
conferences. 

Dr.  Bhushan  is  an  accomplished  organizer.  He  organized  the  first  symposium  on 
Tribology  and  Mechanics  of  Magnetic  Storage  Systems  in  1984  and  the  first 
international  symposium  on  Advances  in  Information  Storage  Systems  in  1990, 
both  of  which  are  now  held  annually.  He  is  the  founder  of  an  ASME  Information 
Storage  and  Processing  Systems  Division  founded  in  1993  and  served  as  the 
founding  chair  during  1993-1998.  His  biography  has  been  listed  in  over  two 
dozen  Who's  Who  books  including  Who's  Who  in  the  World  and  has  received 
more  than  two  dozen  awards  for  his  contributions  to  science  and  technology  from 
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professional  societies,  industry,  and  U.S.  government  agencies.  He  is  also  the  recipi- 
ent of  various  international  fellowships  including  the  Alexander  von  Humboldt 
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neering  of  Ukraine,  an  honorary  member  of  the  Society  of  Tribologists  of  Belarus, 
a  fellow  of  ASME,  IEEE,  STLE,  and  the  New  York  Academy  of  Sciences,  and 
a  member  of  ASEE,  Sigma  Xi  and  Tau  Beta  Pi. 

Dr.  Bhushan  has  previously  worked  for  the  R&D  Division  of  Mechanical 
Technology  Inc.,  Latham,  NY;  the  Technology  Services  Division  of  SKF  Industries 
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Corporation,  Tucson,  AZ;  and  the  Almaden  Research  Center  of  IBM  Corporation, 
San  Jose,  CA.  He  has  held  visiting  professor  appointments  at  University  of 
California  at  Berkeley,  University  of  Cambridge,  UK,  Technical  University 
Vienna,  Austria,  University  of  Paris,  Orsay,  ETH  Zurich  and  EPFL  Lausanne. 
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Chapter  12 

Nanotribology,  Nanomechanics,  and  Materials 

Characterization 


Bharat  Bhushan 


Abstract  Nanotribology  and  nanomechanics  studies  are  needed  to  develop  a  fun- 
damental understanding  of  interfacial  phenomena  on  a  small  scale  and  to  study 
interfacial  phenomena  in  micro-/nanoelectromechanical  systems  (MEMS/NEMS), 
magnetic  storage  devices,  and  other  applications.  Friction  and  wear  of  lightly  loaded 
micro-/nanocomponents  are  highly  dependent  on  surface  interactions  (few  atomic 
layers).  These  structures  are  generally  coated  with  molecularly  thin  films.  Nanotri- 
bology and  nanomechanics  studies  are  also  valuable  in  the  fundamental  understand- 
ing of  interfacial  phenomena  in  macrostructures  and  provide  a  bridge  between 
science  and  engineering.  An  atomic  force  microscope  (AFM)  tip  is  used  to  simulate 
a  single-asperity  contact  with  a  solid  or  lubricated  surface.  AFMs  are  used  to  study 
the  various  tribological  phenomena,  which  include  surface  roughness,  adhesion, 
friction,  scratching,  wear,  detection  of  material  transfer,  and  boundary  lubrication. 
In  situ  surface  characterization  of  local  deformation  of  materials  and  thin  coatings 
can  be  carried  out  using  a  tensile  stage  inside  an  AFM.  Mechanical  properties  such 
as  hardness,  Young's  modulus  of  elasticity,  and  creep/relaxation  behavior  can  be 
determined  on  micro-  to  picoscales  using  a  depth-sensing  indentation  system  in  an 
AFM.  Localized  surface  elasticity  and  viscoelastic  mapping  of  near-surface  regions 
can  be  obtained  with  nanoscale  lateral  resolution.  Finally,  an  AFM  can  be  used  for 
nanofabrication/nanomachining. 


The  mechanisms  and  dynamics  of  the  interactions  of  two  contacting  solids  during 
relative  motion,  ranging  from  the  atomic  to  microscale,  need  to  be  understood  in 
order  to  develop  a  fundamental  understanding  of  adhesion,  friction,  wear,  indenta- 
tion, and  lubrication  processes.  For  most  solid-solid  interfaces  of  technological 
relevance,  contact  occurs  at  multiple  asperities.  Consequently  the  importance  of 
investigating  single-asperity  contacts  in  studies  of  the  fundamental  micro/nanome- 
chanical  and  micro/nanotribological  properties  of  surfaces  and  interfaces  has  long 
been  recognized.  The  recent  emergence  and  proliferation  of  proximal  probes,  in 
particular  scanning  probe  microscopies  (the  scanning  tunneling  microscope  and  the 
atomic  force  microscope),  surface  force  apparatus,  and  computational  techniques 
for  simulating  tip-surface  interactions  and  interfacial  properties  have  allowed 
systematic  investigations  of  interfacial  problems  with  high  resolution  as  well  as 
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ways  and  means  for  modifying  and  manipulating  nanoscale  structures.  These 
advances  have  led  to  the  appearance  of  the  new  field  of  nanotribology ,  which  pertains 
to  experimental  and  theoretical  investigations  of  interfacial  processes  on  scales 
ranging  from  the  atomic  and  molecular  to  the  microscale,  occurring  during  adhesion, 
friction,  scratching,  wear,  indentation,  and  thin-film  lubrication  at  sliding  surfaces 
[1-14].  Proximal  probes  have  also  been  used  for  mechanical  and  electrical  characteri- 
zation, in  situ  characterization  of  local  deformation,  and  other  nanomechanics  studies. 

Nanotribological  and  nanomechanics  studies  are  needed  to  develop  a  fundamental 
understanding  of  interfacial  phenomena  on  a  small  scale  and  to  study  interfacial 
phenomena  in  nanostructures  used  in  magnetic  storage  devices,  nanotechnology,  and 
other  applications  [4—20].  Friction  and  wear  of  lightly  loaded  micro/nanocomponents 
are  highly  dependent  on  the  surface  interactions  (few  atomic  layers).  These  structures 
are  generally  coated  with  molecularly  thin  films.  Nanotribological  and  nanomecha- 
nics studies  are  also  valuable  in  the  fundamental  understanding  of  interfacial  phe- 
nomena in  macrostructures,  and  provide  a  bridge  between  science  and  engineering. 

The  surface  force  apparatus  (SFA),  the  scanning  tunneling  microscopes  (STM), 
and  atomic  force  and  friction  force  microscopes  (AFM  and  FFM)  are  widely  used 
in  nanotribological  and  nanomechanics  studies.  Typical  operating  parameters  are 
compared  in  Table  12.1.  The  SFA  was  developed  in  1968  and  is  commonly 
employed  to  study  both  static  and  dynamic  properties  of  molecularly  thin  films 
sandwiched  between  two  molecularly  smooth  surfaces.  The  STM,  developed  in 
1981,  allows  imaging  of  electrically  conducting  surfaces  with  atomic  resolution, 
and  has  been  used  for  imaging  of  clean  surfaces  as  well  as  of  lubricant  molecules. 
The  introduction  of  the  AFM  in  1985  provided  a  method  for  measuring  ultrasmall 
forces  between  a  probe  tip  and  an  engineering  (electrically  conducting  or  insulat- 
ing) surface,  and  has  been  used  for  morphological  and  surface  roughness  measure- 
ments of  surfaces  on  the  nanoscale,  as  well  as  for  adhesion  measurements. 
Subsequent  modifications  of  the  AFM  led  to  the  development  of  the  FFM,  designed 


Table  12.1    Comparison  of  typical  operating  parameters  in  SFA,  STM,  and  AFM/FFM  used  for 
micro/nanotribological  studies 


Operating  parameter      SFA 


STMa 


AFM/FFM 


Radius  of  mating 
surface/tip 

Radius  of  contact 
area 

Normal  load 

Sliding  velocity 


Sample  limitations 


Rf  10  mm" 

lO^tO  urn 

10-100  mN 
0.001-100  um/s 


Typically  atomically  smooth, 
optically  transparent  mica; 
opaque  ceramic,  smooth 
surfaces  can  also  be  used 


5-100  nm 

N/A 

N/A 

0.02-200  um/s  (scan  size 

~  1  nm  x  1  nm  to 

125  um  x  125  um; 

scan  rate 

<  1-122  Hz) 
Electrically  conducting 

samples 


5-100  nm 

0.05-0.5  nm 

<  0.1-500  nN 
0.02-200  um/s  (scan  size 

~  1  nm  x  1  nm  to 

125  um  x  125  um; 

scan  rate 

<  1-122  Hz) 
None  of  the  above 


"Can  be  used  for  atomic-scale  imaging 
Since  stresses  scale  inverse  of  tip  radius,  SFA  can  provide  low  stress  measurement  capabilities 
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Engineering  interface  Scanning  probe  microscope  tip 

on  a  surface 

Simulation  of  a  single-asperity 
contact 

Fig.  12.1  Schematics  of  an  engineering  interface  and  scanning  probe  microscope  tip  in  contact 
with  an  engineering  interface 

for  atomic-  and  microscale  studies  of  friction.  This  instrument  measures  forces  in 
the  scanning  direction.  The  AFM  is  also  being  used  for  various  investigations 
including  scratching,  wear,  indentation,  detection  of  transfer  of  material,  boundary 
lubrication,  and  fabrication  and  machining  [14,  21-33].  Meanwhile,  significant 
progress  in  understanding  the  fundamental  nature  of  bonding  and  interactions  in 
materials,  combined  with  advances  in  computer-based  modeling  and  simulation 
methods,  has  allowed  theoretical  studies  of  complex  interfacial  phenomena  with 
high  resolution  in  space  and  time.  Such  simulations  provide  insights  into  atomic- 
scale  energetics,  structure,  dynamics,  thermodynamics,  transport,  and  rheological 
aspects  of  tribological  processes. 

The  nature  of  interactions  between  two  surfaces  brought  close  together,  and 
those  between  two  surfaces  in  contact  as  they  are  separated,  have  been  studied 
experimentally  with  the  surface  force  apparatus.  This  has  led  to  a  basic  understand- 
ing of  the  normal  forces  between  surfaces  and  the  way  in  which  these  are  modified 
by  the  presence  of  a  thin  liquid  or  a  polymer  film.  The  frictional  properties  of  such 
systems  have  been  studied  by  moving  the  surfaces  laterally,  and  such  experiments 
have  provided  insights  into  the  molecular-scale  operation  of  lubricants  such  as  thin 
liquid  or  polymer  films.  Complementary  to  these  studies  are  those  in  which  the 
AFM  tip  is  used  to  simulate  a  single-asperity  contact  with  a  solid  or  lubricated 
surface  (Fig.  12.1).  These  experiments  have  demonstrated  that  the  relationship 
between  friction  and  surface  roughness  is  not  always  simple  or  obvious.  AFM 
studies  have  also  revealed  much  about  the  nanoscale  nature  of  intimate  contact 
during  wear,  indentation,  and  lubrication. 

In  this  chapter,  we  present  a  review  of  significant  aspects  of  nanotribological, 
nanomechanical,  and  materials  characterization  studies  conducted  using  AFM/FFM. 


12.1     Description  of  AFM/FFM  and  Various  Measurement 
Techniques 

The  AFM  was  developed  by  Biimig  and  his  colleagues  in  1985.  It  is  capable  of 
investigating  surfaces  of  scientific  and  engineering  interest  on  an  atomic  scale 
[34,  35].  The  AFM  relies  on  a  scanning  technique  to  produce  very  high-resolution, 
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three-dimensional  images  of  sample  surfaces.  It  measures  ultrasmall  forces  (<1  nN) 
present  between  the  AFM  tip  surface  mounted  on  a  flexible  cantilever  beam  and 
a  sample  surface.  These  small  forces  are  obtained  by  measuring  the  motion  of 
a  very  flexible  cantilever  beam  having  an  ultrasmall  mass,  by  a  variety  of  measure- 
ment techniques  including  optical  deflection,  optical  interference,  capacitance, 
and  tunneling  current.  The  deflection  can  be  measured  to  within  0.02  nm,  so  for 
a  typical  cantilever  spring  constant  of  10  N/m,  a  force  as  low  as  0.2  nN  can  be 
detected.  To  put  these  numbers  in  perspective,  individual  atoms  and  human  hair  are 
typically  a  fraction  of  1  nm  and  rs  75  um  in  diameter,  respectively,  and  a  drop  of 
water  and  an  eyelash  have  a  mass  of  about  ps  10  and  100  nN,  respectively.  In  the 
operation  of  high-resolution  AFM,  the  sample  is  generally  scanned  rather  than  the 
tip  because  any  cantilever  movement  would  add  vibrations.  AFMs  are  available  for 
measurement  of  large  samples,  where  the  tip  is  scanned  and  the  sample  is  station- 
ary. To  obtain  atomic  resolution  with  the  AFM,  the  spring  constant  of  the  cantilever 
should  be  weaker  than  the  equivalent  spring  between  atoms.  A  cantilever  beam  with 
a  spring  constant  of  w  1  N/m  or  lower  is  desirable.  For  high  lateral  resolution,  tips 
should  be  as  sharp  as  possible.  Tips  with  a  radius  ranging  from  5  to  50  nm  are 
commonly  available.  Interfacial  forces,  adhesion,  and  surface  roughness,  including 
atomic-scale  imaging,  are  routinely  measured  using  the  AFM. 

A  modification  to  the  AFM  providing  a  sensor  to  measure  the  lateral  force  led 
to  the  development  of  the  friction  force  microscope  (FFM)  or  the  lateral  force 
microscope  (LFM),  designed  for  atomic-scale  and  microscale  studies  of  friction 
[4-6,  8,  9,  14,  36-50]  and  lubrication  [20,  51-55].  This  instrument  measures 
lateral  or  friction  forces  (in  the  plane  of  sample  surface  and  in  the  scanning 
direction).  By  using  a  standard  or  a  sharp  diamond  tip  mounted  on  a  stiff 
cantilever  beam,  AFM  is  used  in  investigations  of  scratching  and  wear  [7,  10, 
14,  41,  56-59],  indentation  [10,  14,  17,  41,  60-63],  and  fabrication/machining 
[5,  14,  41].  An  oscillating  cantilever  is  used  for  localized  surface  elasticity  and 
viscoelastic  mapping,  referred  to  as  dynamic  AFM  [48,  64-72].  In  situ  surface 
characterization  of  local  deformation  of  materials  and  thin  coatings  has  been 
carried  out  by  imaging  the  sample  surfaces  using  an  AFM  during  tensile  defor- 
mation using  a  tensile  stage  [73-75]. 


12.1.1     Surface  Roughness  and  Friction  Force  Measurements 

Surface  height  imaging  down  to  atomic  resolution  of  electrically  conducting  sur- 
faces is  carried  out  using  an  STM.  An  AFM  is  also  used  for  surface  height  imaging 
and  roughness  characterization  down  to  the  nanoscale.  Commercial  AFM/FFMs  are 
routinely  used  for  simultaneous  measurements  of  surface  roughness  and  friction 
force  [5,  13].  These  instruments  are  available  for  measurement  of  both  small  and 
large  samples.  In  a  small-sample  AFM  (Fig.  12.2a),  the  sample,  generally  no  larger 
than  10  mm  x  10  mm,  is  mounted  on  a  piezoelectric  crystal  in  the  form  of  a 
cylindrical  tube  (referred  to  as  a  PZT  tube  scanner)  which  consists  of  separate 
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AFM  signal 
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Fig.  12.2    Schematics  (a)  of  a  commercial  small-sample  atomic  force  microscope/friction  force 
microscope  (AFM/FFM),  and  (b)  of  a  large-sample  AFM/FFM 


electrodes  to  scan  the  sample  precisely  in  the  x—y  plane  in  a  raster  pattern  and  to 
move  the  sample  in  the  vertical  (z)  direction.  A  sharp  tip  at  the  free  end  of  a  flexible 
cantilever  is  brought  into  contact  with  the  sample.  Normal  and  frictional  forces 
being  applied  at  the  tip-sample  interface  are  measured  using  a  laser  beam  deflection 
technique.  A  laser  beam  from  a  diode  laser  is  directed  by  a  prism  onto  the  back  of  a 
cantilever  near  its  free  end,  tilted  downward  at  as  10°  with  respect  to  the  horizontal 


8  B.  Bhushan 

plane.  The  beam  reflected  from  the  vertex  of  the  cantilever  is  directed  through  a 
mirror  onto  a  quad  photodetector  (a  split  photodetector  with  four  quadrants).  The 
differential  signal  from  the  top  and  bottom  photodiodes  provides  the  AFM  signal, 
which  is  a  sensitive  measure  of  the  cantilever  vertical  deflection.  Topographic 
features  of  the  sample  cause  the  tip  to  deflect  in  the  vertical  direction  as  the  sample 
is  scanned  under  the  tip.  This  tip  deflection  will  change  the  direction  of  the  reflected 
laser  beam,  changing  the  intensity  difference  between  the  top  and  bottom  sets  of 
photodetectors  (AFM  signal).  In  the  AFM  operating  mode  called  the  height  mode, 
for  topographic  imaging  or  for  any  other  operation  in  which  the  applied  normal 
force  is  to  be  kept  constant,  a  feedback  circuit  is  used  to  modulate  the  voltage 
applied  to  the  PZT  scanner  to  adjust  the  height  of  the  PZT,  so  that  the  cantilever 
vertical  deflection  (given  by  the  intensity  difference  between  the  top  and  bottom 
detector)  will  remain  constant  during  scanning.  The  PZT  height  variation  is  thus  a 
direct  measure  of  the  surface  roughness  of  the  sample. 

In  a  large-sample  AFM,  both  force  sensors  using  optical  deflection  method  and 
scanning  unit  are  mounted  on  the  microscope  head  (Fig.  12.2b).  Because  of  vibra- 
tions added  by  cantilever  movement,  lateral  resolution  of  this  design  can  be 
somewhat  poorer  than  the  design  in  Fig.  12.2  in  which  the  sample  is  scanned 
instead  of  cantilever  beam.  The  advantage  of  the  large-sample  AFM  is  that  large 
samples  can  be  measured  readily. 

Most  AFMs  can  be  used  for  surface  roughness  measurements  in  the  so-called 
tapping  mode  (intermittent  contact  mode),  also  referred  to  as  dynamic  (atomic) 
force  microscopy.  In  the  tapping  mode,  during  scanning  over  the  surface,  the 
cantilever-tip  assembly  with  a  normal  stiffness  of  20-100  N/m  (Digital  Instrument 
(DI)  tapping  mode  etched  Si  probe  or  TESP)  is  sinusoidally  vibrated  at  its  resonant 
frequency  (350^1-00  kHz)  by  a  piezo  mounted  above  it,  and  the  oscillating  tip 
slightly  taps  the  surface.  The  piezo  is  adjusted  using  feedback  control  in  the 
z-direction  to  maintain  a  constant  (20-100  nm)  oscillating  amplitude  (setpoint) 
and  constant  average  normal  force  (Fig.  12.3  [5,  13]).  The  feedback  signal  to  the 
z-direction  sample  piezo  (to  keep  the  setpoint  constant)  is  a  measure  of  surface 
roughness.  The  cantilever-tip  assembly  is  vibrated  at  some  amplitude,  here  referred 
to  as  the  free  amplitude,  before  the  tip  engages  the  sample.  The  tip  engages  the 
sample  at  some  setpoint,  which  may  be  thought  of  as  the  amplitude  of  the  cantilever 
as  influenced  by  contact  with  the  sample.  The  setpoint  is  defined  as  a  ratio  of 
the  vibration  amplitude  after  engagement  to  the  vibration  amplitude  in  free  air 
before  engagement.  A  lower  setpoint  gives  a  reduced  amplitude  and  closer  mean 
tip-sample  distance.  The  amplitude  should  be  kept  large  enough  that  the  tip  does 
not  get  stuck  to  the  sample  because  of  adhesive  attractions.  Also  the  oscillating 
amplitude  applies  less  average  (normal)  load  as  compared  with  the  contact  mode 
and  reduces  sample  damage.  The  tapping  mode  is  used  in  topography  measure- 
ments to  minimize  effects  of  friction  and  other  lateral  forces  and  to  measure  the 
topography  of  soft  surfaces. 

For  measurement  of  friction  force  at  the  tip  surface  during  sliding,  left-hand  and 
right-hand  sets  of  quadrants  of  the  photodetector  are  used.  In  the  so-called  friction 
mode,  the  sample  is  scanned  back  and  forth  in  a  direction  orthogonal  to  the  long 
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Fig.  12.3    Schematic  of 
tapping  mode  used  to  obtain 
height  and  phase  data  and 
definitions  of  free  amplitude 
and  setpoint.  During 
scanning,  the  cantilever  is 
vibrated  at  its  resonant 
frequency  and  the  sample 
x-y—z  piezo  is  adjusted  by 
feedback  control  in  the 
z-direction  to  maintain  a 
constant  setpoint.  The 
computer  records  height 
(which  is  a  measure  of  surface 
roughness)  and  phase  angle 
(which  is  a  function  of  the 
viscoelastic  properties  of  the 
sample)  data 


Tapping-mode  phase  imaging 


phase  angle 
Viscoelastic  material 


Nearly  elastic  material 


AFM  setting 
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axis  of  the  cantilever  beam.  A  friction  force  between  the  sample  and  the  tip  will 
produce  a  twisting  of  the  cantilever.  As  a  result,  the  laser  beam  will  be  reflected  out 
of  the  plane  defined  by  the  incident  beam  and  the  beam  reflected  vertically  from 
an  untwisted  cantilever.  This  produces  an  intensity  difference  of  the  laser  beam 
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received  in  the  left-hand  and  right-hand  sets  of  quadrants  of  the  photodetector. 
The  intensity  difference  between  the  two  sets  of  detectors  (the  FFM  signal)  is 
directly  related  to  the  degree  of  twisting  and  hence  to  the  magnitude  of  the  friction 
force.  One  problem  associated  with  this  method  is  that  any  misalignment  between 
the  laser  beam  and  the  photodetector  axis  would  introduce  error  in  the  measure- 
ment. However,  by  following  the  procedures  developed  by  Ruan  and  Bhushan  [38], 
in  which  the  average  FFM  signal  for  the  sample  scanned  in  two  opposite  directions 
is  subtracted  from  the  friction  profiles  of  each  of  the  two  scans,  the  misalignment 
effect  is  eliminated.  This  method  provides  three-dimensional  maps  of  friction  force. 
By  following  the  friction  force  calibration  procedures  developed  by  Ruan  and 
Bhushan  [38],  voltages  corresponding  to  friction  forces  can  be  converted  to  force 
units  [76].  The  coefficient  of  friction  is  obtained  from  the  slope  of  friction  force  data 
measured  as  a  function  of  normal  loads  typically  ranging  from  10  to  150  nN.  This 
approach  eliminates  any  contributions  due  to  the  adhesive  forces  [41].  For  calcula- 
tion of  the  coefficient  of  friction  based  on  a  single  point  measurement,  friction  force 
should  be  divided  by  the  sum  of  applied  normal  load  and  intrinsic  adhesive  force. 
Furthermore  it  should  be  pointed  out  that,  for  a  single-asperity  contact,  the  coeffi- 
cient of  friction  is  not  independent  of  load  (see  the  discussion  later). 

Surface  roughness  measurements  in  the  contact  mode  are  typically  made  using 
a  sharp,  microfabricated  square-pyramidal  Si3N4  tip  with  a  radius  of  30-50  nm  on 
a  triangular  cantilever  beam  (Fig.  12.4a)  with  normal  stiffness  on  the  order  of 
0.06-0.58  N/m  with  a  normal  natural  frequency  of  13 — 40  kHz  (DI  silicon  nitride 
probe  or  NP)  at  a  normal  load  of  «  10  nN,  and  friction  measurements  are  carried 
out  in  the  load  range  of  1-100  nN.  Surface  roughness  measurements  in  the  tapping 
mode  utilize  a  stiff  cantilever  with  high  resonant  frequency;  typically  a  square- 
pyramidal  etched  single-crystal  silicon  tip,  with  a  tip  radius  of  5-10  nm,  integrated 
with  a  stiff  rectangular  silicon  cantilever  beam  (Fig.  12.4a)  with  a  normal  stiffness 
on  the  order  of  17-60  N/m  and  a  normal  resonant  frequency  of  250-400  kHz 
(DI  TESP),  is  used.  Multiwalled  carbon  nanotube  tips  having  a  small  diameter 
(a  few  nm)  and  a  length  of  «  1  um  (high  aspect  ratio)  attached  to  the  single-crystal 
silicon  square-pyramidal  tips  are  used  for  high-resolution  imaging  of  surfaces  and 
of  deep  trenches  in  tapping  mode  (noncontact  mode)  (Fig.  12.4b)  [77].  The  multi- 
walled nanotube  (MWNT)  tips  are  hydrophobic.  To  study  the  effect  of  the  radius  of 
a  single  asperity  (tip)  on  adhesion  and  friction,  microspheres  of  silica  with  radii 
ranging  from  about  4  to  15  um  are  attached  at  the  end  of  cantilever  beams.  Optical 
micrographs  of  two  of  the  microspheres  at  the  ends  of  triangular  cantilever  beams 
are  shown  in  Fig.  12.4c. 

The  tip  is  scanned  in  such  a  way  that  its  trajectory  on  the  sample  forms  a 
triangular  pattern  (Fig.  12.5).  Scanning  speeds  in  the  fast  and  slow  scan  directions 
depend  on  the  scan  area  and  scan  frequency.  Scan  sizes  ranging  from  <  1  nm  x 
1  nm  to  125  um  x  125  um  and  scan  rates  from  <  0.5  to  122  Hz  can  typically  be 
used.  Higher  scan  rates  are  used  for  smaller  scan  lengths.  For  example,  scan  rates 
in  the  fast  and  slow  scan  directions  for  an  area  of  10  um  x  10  um  scanned  at 
0.5  Hz  are  10  and  20  nm/s,  respectively. 


12     Nanotribology,  Nanomechanics,  and  Materials  Characterization 


11 


Si02-14.5  urn 


Fig.  12.4  (a)  SEM  micrographs  of  a  square-pyramidal  plasma-enhanced  chemical  vapor  deposi- 
tion (PECVD)  Si3N4  tip  with  a  triangular  cantilever  beam,  a  square-pyramidal  etched  single- 
crystal  silicon  tip  with  a  rectangular  silicon  cantilever  beam,  and  a  three-sided  pyramidal  natural 
diamond  tip  with  a  square  stainless-steel  cantilever  beam,  (b)  SEM  micrograph  of  a  multiwalled 
carbon  nanotube  (MWNT)  physically  attached  on  a  single-crystal  silicon  square-pyramidal  tip, 
and  (c)  optical  micrographs  of  a  commercial  Si3N4  tip  and  two  modified  tips  showing  Si02  spheres 
mounted  over  the  sharp  tip,  at  the  end  of  the  triangular  Si3N4  cantilever  beams  (radii  of  the  tips  are 
given  in  the  figure) 


12.1.2    Adhesion  Measurements 


Adhesive  force  measurements  are  performed  in  the  so-called    force  calibration 
mode.  In  this  mode,  force-distance  curves  are  obtained,  for  example  that  shown  in 
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Fig.  12.5    Schematic  of  the 
triangular  pattern  trajectory  of 
a  tip  as  the  sample  (or  tip)  is 
scanned  in  two  dimensions. 
During  scanning,  data  are 
recorded  only  during  scans 
along  the  solid  scan  lines 
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Fig.  12.6  Typical  force-distance  curve  for  the  contact  between  a  Si3N4  tip  and  a  single-crystal 
silicon  surface  in  measurements  made  in  the  ambient  environment.  Snap-in  occurs  at  point  A; 
contact  between  the  tip  and  silicon  occurs  at  point  B;  the  tip  breaks  free  of  adhesive  forces  at  point 
C  as  the  sample  moves  away  from  the  tip 

Fig.  12.6.  The  horizontal  axis  gives  the  distance  the  piezo  (and  hence  the  sample) 
travels,  and  the  vertical  axis  gives  the  tip  deflection.  As  the  piezo  extends,  it 
approaches  the  tip,  which  is  at  this  point  in  free  air  and  hence  shows  no  deflection. 
This  is  indicated  by  the  flat  portion  of  the  curve.  As  the  tip  approaches  the  sample 
within  a  few  nanometers  (point  A),  an  attractive  force  exists  between  the  atoms  of  the 
tip  surface  and  the  atoms  of  the  sample  surface.  The  tip  is  pulled  towards  the  sample 
and  contact  occurs  at  point  B  on  the  graph.  From  this  point  on,  the  tip  is  in  contact 
with  the  surface  and,  as  the  piezo  extends  further,  the  tip  gets  further  deflected.  This  is 
represented  by  the  sloped  portion  of  the  curve.  As  the  piezo  retracts,  the  tip  goes 
beyond  the  zero  deflection  (flat)  line  because  of  attractive  forces  (van  der  Waals 
forces  and  long-range  meniscus  forces),  into  the  adhesive  regime.  At  point  C  in  the 
graph,  the  tip  snaps  free  of  the  adhesive  forces  and  is  again  in  free  air.  The  horizontal 
distance  between  points  B  and  C  along  the  retrace  line  gives  the  distance  moved  by 
the  tip  in  the  adhesive  regime.  This  distance  multiplied  by  the  stiffness  of  the 
cantilever  gives  the  adhesive  force.  Incidentally,  the  horizontal  shift  between  the 
loading  and  unloading  curves  results  from  the  hysteresis  in  the  PZT  tube  [5,  13]. 


12.1.3     Scratching,  Wear,  and  Fabrication/Machining 


For   microscale  scratching,    microscale  wear,    nanofabrication/nanomachining, 
and  nanoindentation  hardness  measurements,  an  extremely  hard  tip  is  required. 
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A  three-sided  pyramidal  single-crystal  natural  diamond  tip  with  an  apex  angle  of 
80°  and  a  radius  of  about  100  nm  mounted  on  a  stainless-steel  cantilever  beam 
with  normal  stiffness  of  about  25  N/m  is  used  at  relatively  higher  loads  (1-150  uN) 
(Fig.  12.4a).  For  scratching  and  wear  studies,  the  sample  is  generally  scanned  in 
a  direction  orthogonal  to  the  long  axis  of  the  cantilever  beam  (typically  at  a  rate  of 
0.5  Hz)  so  that  friction  can  be  measured  during  scratching  and  wear.  The  tip  is 
mounted  on  the  cantilever  such  that  one  of  its  edges  is  orthogonal  to  the  long  axis 
of  the  beam;  therefore,  wear  during  scanning  along  the  beam  axis  is  higher  (about 
2  x  to  3  x)  than  that  during  scanning  orthogonal  to  the  beam  axis.  For  wear 
studies,  an  area  on  the  order  of  2  um  x  2  urn  is  scanned  at  various  normal  loads 
(ranging  from  1  to  100  uN)  for  a  selected  number  of  cycles  [5,  13,41]. 

Scratching  can  also  be  performed  at  ramped  loads  and  the  coefficient  of  friction 
can  be  measured  during  scratching  [59].  A  linear  increase  in  the  normal  load 
approximated  by  a  large  number  of  normal  load  increments  of  small  magnitude 
is  applied  using  a  software  interface  (lithography  module  in  Nanoscope  III)  that 
allows  the  user  to  generate  controlled  movement  of  the  tip  with  respect  to  the 
sample.  The  friction  signal  is  tapped  out  of  the  AFM  and  recorded  on  a  computer. 
A  scratch  length  on  the  order  of  25  um  and  a  velocity  on  the  order  of  0.5  um/s  are 
used  and  the  number  of  loading  steps  is  usually  taken  to  be  50. 

Nanofabrication/nanomachining  is  conducted  by  scratching  the  sample  surface 
with  a  diamond  tip  at  specified  locations  and  scratching  angles.  The  normal  load 
used  for  scratching  (writing)  is  on  the  order  of  1-100  uN  with  a  writing  speed  on 
the  order  of  0.1-200  um/s  [5,  7,  13,  14,  41,  78]. 


12.1.4    Surface  Potential  Measurements 

To  detect  wear  precursors  and  to  study  the  early  stages  of  localized  wear,  the 
multimode  AFM  can  be  used  to  measure  the  potential  difference  between  the  tip 
and  the  sample  by  applying  a  direct-current  (DC)  bias  potential  and  an  oscillating 
(alternating  current,  AC)  potential  to  a  conducting  tip  over  a  grounded  substrate 
in  a  Kelvin  probe  microscopy  or  so-called  nano-Kelvin  probe  technique  [79-81]. 
Mapping  of  the  surface  potential  is  made  in  the  so-called  lift  mode  (Fig.  12.7). 
These  measurements  are  made  simultaneously  with  the  topography  scan  in  the 
tapping  mode,  using  an  electrically  conducting  (nickel-coated  single-crystal  sili- 
con) tip.  After  each  line  of  the  topography  scan  is  completed,  the  feedback  loop 
controlling  the  vertical  piezo  is  turned  off,  and  the  tip  is  lifted  from  the  surface  and 
traced  over  the  same  topography  at  a  constant  distance  of  100  nm.  During  the  lift 
mode,  a  DC  bias  potential  and  an  oscillating  potential  (3-7  V)  are  applied  to  the  tip. 
The  frequency  of  oscillation  is  chosen  to  be  equal  to  the  resonant  frequency  of  the 
cantilever  («  80  kHz).  When  a  DC  bias  potential  equal  to  the  negative  value  of  the 
surface  potential  of  the  sample  (on  the  order  of  ±2  V)  is  applied  to  the  tip,  it  does 
not  vibrate.  During  scanning,  a  difference  between  the  DC  bias  potential  applied  to 
the  tip  and  the  potential  of  the  surface  will  create  DC  electric  fields  that  interact 
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Fig.  12.7  Schematic  of  lift  mode  used  to  make  surface  potential  measurement.  The  topography  is 
collected  in  tapping  mode  in  the  primary  scan.  The  cantilever  piezo  is  deactivated.  Using  topogra- 
phy information  of  the  primary  scan,  the  cantilever  is  scanned  across  the  surface  at  a  constant  height 
above  the  sample.  An  oscillating  voltage  at  the  resonant  frequency  is  applied  to  the  tip,  and  a 
feedback  loop  adjusts  the  DC  bias  of  the  tip  to  maintain  the  cantilever  amplitude  at  zero.  The  output 
of  the  feedback  loop  is  recorded  by  the  computer  and  becomes  the  surface  potential  map 

with  the  oscillating  charges  (as  a  result  of  the  AC  potential),  causing  the  cantilever 
to  oscillate  at  its  resonant  frequency,  as  in  tapping  mode.  However,  a  feedback  loop 
is  used  to  adjust  the  DC  bias  on  the  tip  to  exactly  cancel  the  electric  field,  and  thus 
the  vibrations  of  the  cantilever.  The  required  bias  voltage  follows  the  localized 
potential  of  the  surface.  The  surface  potential  is  obtained  by  reversing  the  sign  of 
the  bias  potential  provided  by  the  electronics  [80,  81].  Surface  and  subsurface 
changes  of  structure  and/or  chemistry  can  cause  changes  in  the  measured  potential 
of  a  surface.  Thus,  mapping  of  the  surface  potential  after  sliding  can  be  used  for 
detecting  wear  precursors  and  studying  the  early  stages  of  localized  wear. 


12.1.5    In  Situ  Characterization  of  Local  Deformation  Studies 


In  situ  characterization  of  local  deformation  of  materials  can  be  carried  out  by 
performing  tensile,  bending  or  compression  experiments  inside  an  AFM  and  by 
observing  nanoscale  changes  during  the  deformation  experiment  [17].  In  these 
experiments,  small  deformation  stages  are  used  to  deform  the  samples  inside  an 
AFM.  In  tensile  testing  of  the  polymeric  films  carried  out  by  Bobji  and  Bhushan 
[73,  74]  and  Tambe  and  Bhushan  [75]  a  tensile  stage  was  used  (Fig.  12.8).  The  stage 
with  a  left-right  combination  lead  screw  (which  helps  to  move  the  slider  in  the 
opposite  direction)  was  used  to  stretch  the  sample  to  minimize  the  movement  of  the 
scanning  area,  which  was  kept  close  to  the  center  of  the  tensile  specimen.  One  end 
of  the  sample  was  mounted  on  the  slider  via  a  force  sensor  to  monitor  the  tensile 
load.  The  samples  were  stretched  for  various  strains  using  a  stepper  motor  and  the 
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Fig.  12.8    Schematic  of  the  tensile  stage  to  conduct  in  situ  tensile  testing  of  polymeric  films  in  an 
AFM 


same  control  area  at  different  strains  was  imaged.  In  order  to  better  locate  the 
control  area  for  imaging,  a  set  of  four  markers  was  created  at  the  corners  of 
a  30  x  30  urn  square  at  the  center  of  the  sample  by  scratching  the  sample  with 
a  sharp  silicon  tip.  The  scratching  depth  was  controlled  such  that  it  did  not  affect 
the  cracking  behavior  of  the  coating.  A  minimum  displacement  of  1.6  urn  could 
be  obtained.  This  corresponded  to  a  strain  increment  of  8  x  10~3%  for  a  sample 
length  of  38  mm.  The  maximum  travel  was  about  100  mm.  The  resolution  of  the 
force  sensor  was  10  mN  with  a  capacity  of  45  N.  During  stretching,  a  stress-strain 
curve  was  obtained  during  the  experiment  to  study  any  correlation  between  the 
degree  of  plastic  strain  and  propensity  for  cracking. 


12.1.6    Nanoindentation  Measurements 


For  nanoindentation  hardness  measurements  the  scan  size  is  set  to  zero,  and  then 
a  normal  load  is  applied  to  make  the  indents  using  the  diamond  tip  (Sect.  12.1.5). 
During  this  procedure,  the  tip  is  continuously  pressed  against  the  sample  surface  for 
about  2  s  at  various  indentation  loads.  The  sample  surface  is  scanned  before 
and  after  the  scratching,  wear  or  indentation  to  obtain  the  initial  and  final  surface 
topography,  at  a  low  normal  load  of  sw  0.3  uN  using  the  same  diamond  tip.  An  area 
larger  than  the  indentation  region  is  scanned  to  observe  the  indentation  marks. 
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Fig.  12.9    Schematic  of  a 
nano/picoindentation  system 
with  three-plate  transducer 
with  electrostatic  actuation 
hardware  and  capacitance 
sensor  (after  [61]) 
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Nanohardness  is  calculated  by  dividing  the  indentation  load  by  the  projected 
residual  area  of  the  indents  [62]. 

Direct  imaging  of  the  indent  allows  one  to  quantify  piling  up  of  ductile  material 
around  the  indenter.  However,  it  becomes  difficult  to  identify  the  boundary  of  the 
indentation  mark  with  great  accuracy.  This  makes  the  direct  measurement  of 
contact  area  somewhat  inaccurate.  A  technique  with  the  dual  capability  of  depth 
sensing  as  well  as  in  situ  imaging,  which  is  most  appropriate  in  nanomechanical 
property  studies,  is  used  for  accurate  measurement  of  hardness  with  shallow  depths 
[5,  13,  61].  This  nano/picoindentation  system  is  used  to  make  load-displacement 
measurements  and  subsequently  carry  out  in  situ  imaging  of  the  indent,  if  required. 
The  indentation  system,  shown  in  Fig.  12.9,  consists  of  a  three-plate  transducer  with 
electrostatic  actuation  hardware  used  for  direct  application  of  a  normal  load  and  a 
capacitive  sensor  used  for  measurement  of  vertical  displacement.  The  AFM  head  is 
replaced  with  this  transducer  assembly  while  the  specimen  is  mounted  on  the  PZT 
scanner,  which  remains  stationary  during  indentation  experiments.  The  transducer 
consists  of  a  three-plate  (Be-Cu)  capacitive  structure,  and  the  tip  is  mounted  on  the 
center  plate.  The  upper  and  lower  plates  serve  as  drive  electrodes,  and  the  load  is 
applied  by  applying  an  appropriate  voltage  to  the  drive  electrodes.  Vertical  dis- 
placement of  the  tip  (indentation  depth)  is  measured  by  measuring  the  displacement 
of  the  center  plate  relative  to  the  two  outer  electrodes  using  a  capacitance  technique. 
Indent  area  and  consequently  the  hardness  value  can  be  obtained  from  the  load- 
displacement  data.  The  Young's  modulus  of  elasticity  is  obtained  from  the  slope  of 
the  unloading  curve. 


12.1.7    Localized  Surface  Elasticity  and  Viscoelasticity  Mapping 


Localized  Surface  Elasticity 


Indentation  experiments  provide  a  single  point  measurement  of  the  Young's  modulus 
of  elasticity  calculated  from  the  slope  of  the  indentation  curve  during  unload- 
ing. Localized  surface  elasticity  maps  can  be  obtained  using  dynamic  force 
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microscopy,  in  which  an  oscillating  tip  is  scanned  over  the  sample  surface  in 
contact  under  steady  and  oscillating  load.  Lower-frequency  operation  modes  in 
the  kHz  range,  such  as  force  modulation  mode  [64,  66]  or  pulsed  force  mode  [82], 
are  well  suited  for  soft  samples  such  as  polymers.  However,  if  the  tip-sample 
contact  stiffness  becomes  significantly  higher  than  the  cantilever  stiffness,  the  sen- 
sitivity of  these  techniques  strongly  decreases.  In  this  case,  the  sensitivity  of  the 
measurement  of  stiff  materials  can  be  improved  by  using  high-frequency  operation 
modes  in  the  MHz  range  with  a  lateral  motion,  such  as  acoustic  (ultrasonic)  force 
microscopy,  referred  to  as  atomic  force  acoustic  microscopy  (AFAM)  or  contact 
resonance  spectroscopy  [67,  68,  83].  Inclusion  of  vibration  frequencies  other  than 
only  the  first  cantilever  flexural  or  torsional  resonant  frequency  also  allows  addi- 
tional information  to  be  obtained. 

In  the  negative  lift  mode  force  modulation  technique,  during  primary  scanning 
height  data  is  recorded  in  tapping  mode  as  described  earlier.  During  interleave 
scanning,  the  entire  cantilever-tip  assembly  is  moved  up  and  down  at  the  force 
modulation  holder's  bimorph  resonant  frequency  («  24  kHz)  at  some  amplitude, 
here  referred  to  as  the  force  modulation  amplitude,  and  the  z-direction  feedback 
control  for  the  sample  X—y—z  piezo  is  deactivated  (Fig.  12.10a)  [64,  66,  69].  During 
this  scanning,  height  information  from  the  primary  scan  is  used  to  maintain  a 
constant  lift  scan  height.  This  eliminates  the  influence  of  height  on  the  measured 
signals  during  the  interleave  scan.  Lift  scan  height  is  the  mean  tip-sample  distance 
between  the  tip  and  sample  during  the  interleave  scan.  The  lift  scan  height  is  set 
such  that  the  tip  is  in  constant  contact  with  the  sample,  i.e.,  a  constant  static  load  is 
applied.  (A  higher  lift  scan  height  gives  a  closer  mean  tip-sample  distance.)  In 
addition,  the  tip  motion  caused  by  the  bimorph  vibration  results  in  a  modulating 
periodic  force.  The  sample  surface  resists  the  oscillations  of  the  tip  to  a  greater  or 
lesser  extent  depending  upon  the  sample's  stiffness.  The  computer  records  ampli- 
tude (which  is  a  function  of  the  elastic  stiffness  of  the  material).  Contact  analyses 
can  be  used  to  obtain  a  quantitative  measure  of  localized  elasticity  of  soft  surfaces 
[66].  Etched  single-crystal  silicon  cantilevers  with  integrated  tips  (DI  force  modu- 
lation etched  Si  probe  or  FESP)  with  a  radius  of  25-50  nm,  a  stiffness  of  1-5  N/m, 
and  a  natural  frequency  of  60-100  kHz  are  commonly  used  for  the  measurements. 
Scanning  is  normally  set  to  a  rate  of  0.5  Hz  along  the  fast  axis. 

In  the  AFAM  technique  [67,  68,  83],  the  cantilever-tip  assembly  is  moved  either 
in  the  normal  or  lateral  mode,  and  the  contact  stiffness  is  evaluated  by  comparing 
the  resonant  frequency  of  the  cantilever  in  contact  with  the  sample  surface  with 
those  of  the  free  vibrations  of  the  cantilever.  Several  free  resonant  frequencies  are 
measured.  Based  on  the  shift  of  the  measured  frequencies,  the  contact  stiffness  is 
determined  by  solving  the  characteristic  equation  for  the  tip  vibrating  in  contact 
with  the  sample  surface.  The  elastic  modulus  is  calculated  from  contact  stiffness 
using  Hertz  analysis  for  a  spherical  tip  indenting  a  plane.  Contact  stiffness  is  equal 
to  8  x  contact  radius  x  reduced  shear  modulus  in  shear  mode. 

In  the  lateral  mode  using  the  AFAM  technique,  the  sample  is  glued  onto 
cylindrical  pieces  of  aluminum  which  serve  as  ultrasonic  delay  lines  coupled  to 
an  ultrasonic  shear  wave  transducer  (Fig.  12.10b)  [46,  67,  68].  The  transducer  is 
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Fig.  12.10  (a)  Schematic  of  force  modulation  mode  used  to  obtain  amplitude  (stiffness),  and 
definitions  of  force  modulation  amplitude  and  lift  scan  height.  During  primary  scanning,  height 
data  is  recorded  in  tapping  mode.  During  interleave  scanning,  the  entire  cantilever-tip  assembly  is 
vibrated  at  the  bimorph's  resonant  frequency  and  the  z-direction  feedback  control  for  the  sample 
x-y-z  piezo  is  deactivated.  During  this  scanning,  height  information  from  the  primary  scan  is  used 
to  maintain  a  constant  lift  scan  height.  The  computer  records  amplitude  (which  is  a  function  of 
material  stiffness)  during  the  interleave  scan,  (b)  Schematic  of  an  AFM  incorporating  a  shear  wave 
transducer  that  generates  in-plane  lateral  sample  surface  vibrations.  Because  of  the  forces  between 
the  tip  and  the  surface,  torsional  vibrations  of  the  cantilever  are  excited  [46].  The  shift  in  contact 
resonant  frequency  is  a  measure  of  the  contact  stiffness 
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driven  with  frequency  sweeps  to  generate  in-plane  lateral  sample  surface  vibra- 
tions. These  couple  to  the  cantilever  via  the  tip-sample  contact.  To  measure 
torsional  vibrations  of  the  cantilever  at  frequencies  up  to  3  MHz,  the  original 
electronic  circuit  of  the  lateral  channel  of  the  AFM  (using  a  low-pass  filter  with 
limited  bandwidth  to  a  few  hundred  kHz)  was  replaced  by  a  high-speed  scheme 
which  bypasses  the  low-pass  filter.  The  high-frequency  signal  was  fed  to  a  lock-in 
amplifier,  digitized  using  a  fast  analog-to-digital  (A/D)  card,  and  fed  into  a  broad- 
band amplifier  followed  by  a  root-mean-square  (RMS)-to-DC  converter,  and  read 
by  a  computer.  Etched  single-crystal  silicon  cantilevers  (normal  stiffness  of 
3.8^-0  N/m)  integrated  tips  are  used. 


Viscoelastic  Mapping 

Another  form  of  dynamic  force  microscopy,  phase-contrast  microscopy,  is  used  to 
detect  the  contrast  in  viscoelastic  (viscous  energy  dissipation)  properties  of  differ- 
ent materials  across  the  surface  [65,  69-72,  84,  85].  In  these  techniques,  both 
deflection  amplitude  and  phase  angle  contrasts  are  measured,  which  are  measures 
of  the  relative  stiffness  and  viscoelastic  properties,  respectively.  Two  phase 
measurement  techniques  -  tapping  mode  and  torsional  resonance  (TR)  mode  - 
have  been  developed.  We  describe  them  next. 

In  the  tapping  mode  (TM)  technique,  as  described  earlier,  the  cantilever-tip 
assembly  is  sinusoidally  vibrated  at  its  resonant  frequency,  and  the  sample  x—y—z 
piezo  is  adjusted  using  feedback  control  in  the  z-direction  to  maintain  a  constant 
setpoint  (Fig.  12.3)  [69,  70].  The  feedback  signal  to  the  z-direction  sample  piezo  (to 
keep  the  setpoint  constant)  is  a  measure  of  surface  roughness.  The  extender 
electronics  is  used  to  measure  the  phase  angle  lag  between  the  cantilever  piezo 
drive  signal  and  the  cantilever  response  during  sample  engagement.  As  illustrated 
in  Fig.  12.3,  the  phase  angle  lag  (at  least  partially)  is  a  function  of  the  viscoelastic 
properties  of  the  sample  material.  A  range  of  tapping  amplitudes  and  setpoints 
can  be  used  for  measurements.  Commercially  an  etched  single-crystal  silicon  tip 
(DI  TESP)  used  for  tapping  mode,  with  a  radius  of  5-10  nm,  a  stiffness  of 
20-100  N/m,  and  a  natural  frequency  of  350-400  kHz,  is  normally  used.  Scanning 
is  normally  set  to  a  rate  of  1  Hz  along  the  fast  axis. 

In  the  TR  mode,  a  tip  is  vibrated  in  the  torsional  mode  at  high  frequency  at  the 
resonant  frequency  of  the  cantilever  beam.  An  etched  single-crystal  silicon  cantile- 
ver with  integrated  tip  (DI  FESP)  with  a  radius  of  w  5-10  nm,  normal  stiffness  of 
1-5  N/m,  torsional  stiffness  of  ss  30  times  normal  stiffness,  and  torsional  natural 
frequency  of  800  kHz  is  normally  used.  A  major  difference  between  the  TM  and 
TR  modes  is  the  directionality  of  the  applied  oscillation  -  a  normal  (compressive) 
amplitude  exerted  for  the  TM  and  a  torsional  amplitude  for  the  TR  mode.  The  TR 
mode  is  expected  to  provide  good  contrast  in  the  tribological  and  mechanical 
properties  of  the  near-surface  region  as  compared  with  the  TM.  Two  of  the  reasons 
are  as  follows: 
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1 .  In  the  TM,  the  interaction  is  dominated  by  the  vertical  properties  of  the  sample, 
so  the  tip  spends  a  small  fraction  of  its  time  in  the  near-field  interaction  with  the 
sample.  Furthermore,  the  distance  between  the  tip  and  the  sample  changes 
during  the  measurements,  which  changes  interaction  time  and  forces,  and  affects 
measured  data.  In  the  TR  mode,  the  distance  remains  nearly  constant. 

2.  The  lateral  stiffness  of  a  cantilever  is  typically  about  two  orders  of  magnitude 
larger  than  the  normal  (flexural)  stiffness.  Therefore,  in  the  TM,  if  the  sample  is 
relatively  rigid,  much  of  the  deformation  occurs  in  the  cantilever  beam,  whereas 
in  the  TR  mode,  much  of  the  deformation  occurs  in  the  sample.  A  few  comments 
on  the  special  applications  of  the  TR  mode  are  made  next.  Since  most  of  the 
deformation  occurs  in  the  sample,  the  TR  mode  can  be  used  to  measure  stiff  and 
hard  samples.  Furthermore,  properties  of  thin  films  can  be  measured  more 
readily  with  the  TR  mode.  For  both  the  TM  and  TR  modes,  if  the  cantilever  is 
driven  to  vibrate  at  frequencies  above  resonance,  it  would  have  less  motion  (high 
apparent  stiffness),  leading  to  higher  sample  deformation  and  better  contrast. 
It  should  be  further  noted  that  the  TM  exerts  a  compressive  force,  whereas  the 
TR  mode  exerts  a  torsional  force,  therefore  normal  and  shear  properties  are 
measured  in  the  TM  and  TR  modes,  respectively. 

In  the  TR  mode,  the  torsional  vibration  of  the  cantilever  beam  is  achieved  using 
a  specially  designed  cantilever  holder.  It  is  equipped  with  a  piezo  system  mounted 
in  a  cantilever  holder,  in  which  two  piezos  vibrate  out  of  phase  with  respect  to  each 
other.  A  tuning  process  prior  to  scanning  is  used  to  select  the  torsional  vibration 
frequency.  The  piezo  system  excites  torsional  vibration  at  the  cantilever's  resonant 
frequency.  The  torsional  vibration  amplitude  of  the  tip  (TR  amplitude)  is  detected 
by  the  lateral  segments  of  the  split-diode  photodetector  (Fig.  12.11)  [71].  The  TR 
mode  measures  surface  roughness  and  phase  angle  as  follows.  During  the  mea- 
surement, the  cantilever-tip  assembly  is  first  vibrated  at  its  resonance  at  some 
amplitude  dependent  upon  the  excitation  voltage,  before  the  tip  engages  the  sample. 
Next,  the  tip  engages  the  sample  at  some  setpoint.  A  feedback  system  coupled  to 
a  piezo  stage  is  used  to  keep  a  constant  TR  amplitude  during  scanning.  This  is 
done  by  controlling  the  vertical  position  of  the  sample  using  a  piezo  moving  in  the 
z-direction,  which  changes  the  degree  of  tip  interaction.  The  displacement  of  the 
sample  z  piezo  gives  a  roughness  image  of  the  sample.  A  phase-angle  image  can 
be  obtained  by  measuring  the  phase  lag  of  the  cantilever  vibration  response  in  the 
torsional  mode  during  engagement  with  respect  to  the  cantilever  vibration  response 
in  free  air  before  engagement.  The  control  feedback  of  the  TR  mode  is  similar  to 
that  of  tapping,  except  that  the  torsional  resonance  amplitude  replaces  the  flexural 
resonance  amplitude  [71]. 

Chen  and  Bhushan  [72]  used  a  variation  to  the  approach  just  described  (referred 
to  as  mode  I  here).  They  performed  measurements  at  constant  normal  cantilever 
deflection  (constant  load)  (mode  II)  instead  of  using  the  constant  setpoint  in  the 
Kasai  et  al.  [71]  approach.  Their  approach  overcomes  the  meniscus  adhesion 
problem  present  in  mode  I  and  reveals  true  surface  properties. 
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Fig.  12.11    Schematic  of 
torsional  resonance  mode 
shown  at  the  top.  Two 
examples  of  the  phase-angle 
response  are  shown  in  the 
middle.  One  is  for  materials 
exhibiting  viscoelastic  (a)  and 
the  other  nearly  elastic 
properties  (b).  Three  AFM 
settings  are  compared  at  the 
bottom:  contact,  tapping 
mode  (TM),  and  TR  modes. 
The  TR  mode  is  a  dynamic 
approach  with  a  laterally 
vibrating  cantilever  tip  that 
can  interact  with  the  surface 
more  intensively  than  other 
modes.  Therefore,  more 
detailed  near-surface 
information  is  available 
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Song  and  Bhushan  [86]  presented  a  forced  torsional  vibration  model  for  a  tip- 
cantilever  assembly  under  viscoelastic  tip-sample  interaction.  This  model  pro- 
vides the  relationship  of  torsional  amplitude  and  phase  shift  with  lateral  contact 
stiffness  and  viscosity  which  can  be  used  to  extract  in-plane  interfacial  mechanical 
properties. 

Various  operating  modes  of  AFM  used  for  surface  roughness,  localized  surface 
elasticity,  viscoelastic  mapping,  and  friction  force  measurements  (to  be  discussed 
later)  are  summarized  in  Table  12.2. 
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12.1.8    Boundary  Lubrication  Measurements 

To  study  nanoscale  boundary  lubrication  properties,  adhesive  forces  are  measured 
in  the  force  calibration  mode,  as  previously  described.  The  adhesive  forces  are  also 
calculated  from  the  horizontal  intercept  of  friction  versus  normal  load  curves  at 
a  zero  value  of  friction  force.  For  friction  measurements,  the  samples  are  typically 
scanned  using  a  Si3N4  tip  over  an  area  of  2  x  2  um2  at  normal  load  ranging  from  5 
to  130  nN.  The  samples  are  generally  scanned  at  a  rate  of  0.5  Hz,  resulting  in 
a  scanning  speed  of  2  um/s.  Velocity  effects  on  friction  are  studied  by  changing  the 
scan  frequency  from  0. 1  to  60  Hz  while  the  scan  size  is  maintained  at  2  x  2  um2, 
which  allows  velocity  to  vary  from  0.4  to  240  um/s.  To  study  durability  properties, 
the  friction  force  and  coefficient  of  friction  are  monitored  during  scanning  at 
normal  load  of  70  nN  and  scanning  speed  of  0.8  um/s,  for  a  desired  number  of 
cycles  [51,52,54]. 


12.2     Surface  Imaging,  Friction,  and  Adhesion 
12.2.1    Atomic-Scale  Imaging  and  Friction 

Surface  height  imaging  down  to  atomic  resolution  of  electrically  conducting  sur- 
faces can  be  carried  out  using  an  STM.  An  AFM  can  also  be  used  for  surface  height 
imaging  and  roughness  characterization  down  to  the  nanoscale.  Figure  12.12 
shows  a  sequence  of  STM  images  at  various  scan  sizes  of  solvent-deposited  Ceo 
film  on  200  nm-thick  gold-coated  freshly  cleaved  mica  [87].  The  film  consists  of 
clusters  of  C6o  molecules  of  8  nm  diameter.  The  Cgo  molecules  within  a  cluster 
appear  to  pack  into  a  hexagonal  array  with  a  spacing  of  «  1  nm,  however,  they 
do  not  follow  any  long-range  order.  The  measured  cage  diameter  of  the  Ceo 
molecule  is  «  0.7  nm,  very  close  to  the  projected  diameter  of  0.71  nm. 

In  an  AFM  measurement  during  surface  imaging,  the  tip  comes  into  intimate 
contact  with  the  sample  surface  and  leads  to  surface  deformation  with  finite  tip- 
sample  contact  area  (typically  a  few  atoms).  The  finite  size  of  the  contact  area 
prevents  the  imaging  of  individual  point  defects,  and  only  the  periodicity  of  the 
atomic  lattice  can  be  imaged.  Figure  12.13a  shows  the  topography  image  of 
a  freshly  cleaved  surface  of  highly  oriented  pyrolytic  graphite  (HOPG)  [39].  The 
periodicity  of  the  graphite  is  clearly  observed. 

To  study  friction  mechanisms  on  an  atomic  scale,  a  freshly  cleaved  HOPG  has 
been  studied  by  Mate  et  al.  [36]  and  Ruan  and  Bhushan  [39].  Figure  12.14a  shows 
the  atomic-scale  friction  force  map  (raw  data)  and  Fig.  12.13a  shows  the  friction 
force  maps  after  two-dimensional  (2-D)  spectrum  filtering  with  high-frequency 
noise  truncated  [39].  Figure  12.14a  also  shows  a  line  plot  of  the  friction  force 
profile  along  some  crystallographic  direction.  The  actual  shape  of  the  friction  pro- 
file depends  upon  the  spatial  location  of  the  axis  of  tip  motion.  Note  that  a  portion 
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Fig.  12.12    STM  images  of 
solvent-deposited  C60  film  on 
a  gold-coated  freshly  cleaved 
mica  at  various  scan  sizes 
(after  [87]) 


of  the  atomic-scale  lateral  force  is  conservative.  Mate  et  al.  [36]  and  Ruan  and 
Bhushan  [39]  reported  that  the  average  friction  force  increased  linearly  with  normal 
load  and  was  reversible  with  load.  Friction  profiles  were  similar  during  sliding  of 
the  tip  in  either  direction. 

During  scanning,  the  tip  moves  discontinuously  over  the  sample  surface  and 
jumps  with  discrete  steps  from  one  potential  minimum  (well)  to  the  next.  This 
leads  to  a  sawtooth-like  pattern  for  the  lateral  motion  (force)  with  periodicity  of 
the  lattice  constant.  This  motion  is  called  stick-slip  movement  of  the  tip  [6,  11,  29, 
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Fig.  12.13    (a)  Gray-scale 
plots  of  surface  topography 
and  friction  force  maps  (2-D 
spectrum  filtered),  measured 
simultaneously,  of  a 
1  nm  x  1  nm  area  of  freshly 
cleaved  HOPG,  showing  the 
atomic-scale  variation  of 
topography  and  friction,  and 
(b)  schematic  of 
superimposed  topography  and 
friction  maps  from  (a);  the 
symbols  correspond  to 
maxima.  Note  the  spatial  shift 
between  the  two  plots  (after 
[38]) 
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36,  39].  The  observed  friction  force  includes  two  components  -  conservative  and 
periodic,  and  nonconservative  and  constant.  If  the  relative  motion  of  the  sample  and 
tip  were  simply  that  of  two  rigid  collections  of  atoms,  the  effective  force  would  be 
a  conservative  force  oscillating  about  zero.  Slow  reversible  elastic  deformation 
would  also  contribute  to  conservative  force.  The  origin  of  the  nonconservative 
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Fig.  12.14    (a)  Gray-scale 
plot  of  the  friction  force  map 
(raw  data)  of  a  1  x  1  nm2 
area  of  freshly  cleaved 
HOPG,  showing  atomic-scale 
variation  of  the  friction  force. 
High  points  are  shows  by 
lighter  color.  Also  shown  is 
a  line  plot  of  the  friction 
force  profile  along  the  line 
indicated  by  arrows.  The 
normal  load  was  25  nN 
and  the  cantilever  normal 
stiffness  was  0.4  N/m  [39]. 
(b)  Schematic  of  a  model 
for  a  tip  atom  sliding  on  an 
atomically  flat  periodic 
surface.  The  schematic 
shows  the  tip  jumping  from 
one  potential  minimum  to 
another,  resulting  in  stick-slip 
behavior 
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direction-dependent  force  component  could  be  phonon  generation,  viscous  dissipa- 
tion or  plastic  deformation. 

Stick-slip  on  the  atomic  scale,  discussed  above,  is  the  result  of  the  energy  barrier 
required  to  be  overcome  for  jumping  over  the  atomic  corrugations  on  the  sample 
surface.  It  corresponds  to  the  energy  required  for  the  jump  of  the  tip  from  a  stable 
equilibrium  position  on  the  surface  into  a  neighboring  position.  The  perfect  atomic 
regularity  of  the  surface  guarantees  the  periodicity  of  the  lateral  force  signal, 
independent  of  the  actual  atomic  structure  of  the  tip  apex.  A  few  atoms  (based  on 
the  magnitude  of  the  friction  force,  <  10)  on  a  tip  sliding  over  an  array  of  atoms  on 
the  sample  are  expected  to  go  through  the  stick-slip.  For  simplicity,  Fig.  12.14b 
shows  a  simplified  model  for  one  atom  on  a  tip  with  a  one-dimensional  spring-mass 
system.  As  the  sample  surface  slides  against  the  AFM  tip,  the  tip  remains  stuck 
initially  until  it  can  overcome  the  energy  (potential)  barrier,  which  is  illustrated  by  a 
sinusoidal  interaction  potential  as  experienced  by  the  tip.  After  some  motion,  there 
is  enough  energy  stored  in  the  spring,  which  leads  to  slip  into  the  neighboring  stable 
equilibrium  position.  During  the  slip  and  before  attaining  stable  equilibrium,  stored 
energy  is  converted  into  vibrational  energy  of  the  surface  atoms  in  the  range  of 
1013  Hz  (phonon  generation)  and  decays  within  the  range  of  10-11  s  into  heat. 
(A  wave  of  atoms  vibrating  in  concert  are  termed  a  phonon.)  The  stick-slip  pheno- 
menon, resulting  from  irreversible  atomic  jumps,  can  be  modeled  theoretically  with 
classical  mechanical  models  [88,  89].  The  Tomanek-Zhong-Thomas  model  [89]  is 
the  starting  point  for  determining  friction  force  during  atomic-scale  stick-slip.  The 
AFM  model  describes  the  total  potential  as  the  sum  of  the  potential  acting  on  the  tip 
due  to  interaction  with  the  sample  and  the  elastic  energy  stored  in  the  cantilever. 
Thermally  activated  stick-slip  behavior  can  explain  the  velocity  effects  on  friction, 
to  be  presented  later. 

Finally,  based  on  Fig.  12.13a,  the  atomic-scale  friction  force  of  HOPG  exhibited 
the  same  periodicity  as  that  of  the  corresponding  topography,  but  the  peaks  in 
friction  and  those  in  topography  are  displaced  relative  to  each  other  (Fig.  12.13b). 
A  Fourier  expansion  of  the  interatomic  potential  was  used  by  Ruan  and  Bhushan 
[39]  to  calculate  the  conservative  interatomic  forces  between  atoms  of  the  FFM  tip 
and  those  of  the  graphite  surface.  Maxima  in  the  interatomic  forces  in  the  normal  and 
lateral  directions  do  not  occur  at  the  same  location,  which  explains  the  observed  shift 
between  the  peaks  in  the  lateral  force  and  those  in  the  corresponding  topography. 


12.2.2    Microscale  Friction 

Local  variations  in  the  microscale  friction  of  cleaved  graphite  are  observed 
(Fig.  12.15).  Microscale  friction  is  defined  as  the  friction  measured  with  a  scan 
size  equal  to  or  larger  than  lxl  um.  These  arise  from  structural  changes  that  occur 
during  the  cleaving  process  [40].  The  cleaved  HOPG  surface  is  largely  atomically 
smooth  but  exhibits  line-shaped  regions  in  which  the  coefficient  of  friction  is  more 
than  an  order  of  magnitude  larger.  Transmission  electron  microscopy  indicates  that 
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Fig.  12.15    (a)  Surface 
roughness  and  (b)  friction 
force  maps  at  normal  load  of 
42  nN  for  a  freshly  cleaved 
HOPG  surface  against  an 
Si3N4  FFM  tip.  Friction  in  the 
line-shaped  region  is  over  an 
order  of  magnitude  larger 
than  in  the  smooth  areas  (after 
[39]) 


1  urn 


1  urn 


the  line-shaped  regions  consist  of  graphite  planes  of  different  orientation,  as  well  as 
of  amorphous  carbon.  Differences  in  friction  have  also  been  observed  for  multi- 
phase ceramic  materials  [57].  Figure  12.16  shows  surface  roughness  and  friction 
force  maps  of  Al203-TiC  (70-30  wt%).  TiC  grains  have  a  Knoop  hardness  of 
«  2800  kg/mm  and  AI2O3  has  2,100  kg/mm  ,  therefore  TiC  grains  do  not  polish 
as  much  and  therefore  have  a  slightly  higher  elevation  («  2-3  nm  higher  than  that 
of  AI2O3  grains).  TiC  grains  exhibit  higher  friction  force  than  AI2O3  grains.  The 
coefficients  of  friction  of  TiC  and  AI2O3  grains  are  0.034  and  0.026,  respectively, 
and  the  coefficient  of  friction  of  the  Al203-TiC  composite  is  0.03.  Local  variation  in 
friction  force  also  arises  from  the  scratches  present  on  the  ALC^-TiC  surface. 
Meyer  et  al.  [90]  also  used  FFM  to  measure  structural  variations  of  organic 
mono-  and  multilayer  films.  All  of  these  measurements  suggest  that  the  FFM  can 
be  used  for  structural  mapping  of  the  surfaces.  FFM  measurements  can  also  be  used 
to  map  chemical  variations,  as  indicated  by  the  use  of  the  FFM  with  a  modified 
probe  tip  to  map  the  spatial  arrangement  of  chemical  functional  groups  in  mixed 
organic  monolayer  films  [91].  Here,  sample  regions  that  had  stronger  interactions 
with  the  functionalized  probe  tip  exhibited  larger  friction. 

Local  variations  in  the  microscale  friction  of  nominally  rough  surfaces  of  homo- 
geneous material  can  be  significant,  and  are  seen  to  depend  on  the  local  surface 
slope  rather  than  the  surface  height  distribution  (Fig.  12.17).  This  dependence  was 
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Fig.  12.16    Gray-scale 
surface  roughness 
(a  =  0.80  nm)  and  friction 
force  maps  (mean  =  7.0  nN, 
a  =  0.90  nN)  for  Al203-TiC 
(70-30  wt%)  at  normal  load 
of  138  nN  (after  [57]) 
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first  reported  by  Bhushan  and  Ruan  [37],  Bhushan  et  al.  [41],  and  Bhushan  [78]  and 
later  discussed  in  more  detail  by  Koinkar  and  Bhushan  [92]  and  Sundararajan  and 
Bhushan  [93].  In  order  to  elegantly  show  any  correlation  between  local  values  of 
friction  and  surface  roughness,  surface  roughness  and  friction  force  maps  of  a  gold- 
coated  ruler  with  somewhat  rectangular  grids  and  a  silicon  grid  with  square  pits 
were  obtained  (Fig.  12.18)  [93].  Figures  show  the  surface  roughness  map,  the  slopes 
of  the  roughness  map  taken  along  the  sliding  direction  (surface  slope  map),  and  the 
friction  force  map  for  various  samples.  There  is  a  strong  correlation  between  the 
surface  slopes  and  friction  forces.  For  example,  in  Fig.  12.18,  the  friction  force  is 
high  locally  at  the  edge  of  the  grids  and  pits  with  a  positive  slope  and  is  low  at  the 
edges  with  negative  slope. 

We  now  examine  the  mechanism  of  microscale  friction,  which  may  explain  the 
resemblance  between  the  slope  of  surface  roughness  maps  and  the  corresponding 
friction  force  maps  [5,  6,  13,  39,  40,  41,  49,  92,  93].  There  are  three  dominant 
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Fig.  12.17    Surface 
roughness  map  (a  =  4.4  nm), 
surface  slope  map  taken  in 
the  sample  sliding  direction 
(the  horizontal  axis; 
mean  =  0.023,  a  =  0.197), 
and  friction  force  map 
(mean  =  6.2  nN, 
a  =  2. 1  nN)  for  a  lubricated 
thin-film  magnetic  rigid  disk 
for  normal  load  of  160  nN 
(after  [41]) 


Surface 
height 


mechanisms  of  friction:  adhesive,  ratchet,  and  plowing  [11,  17].  To  first  order,  we 
may  assume  these  to  be  additive.  The  adhesive  mechanism  cannot  explain  the  local 
variation  in  friction.  Next  we  consider  the  ratchet  mechanism.  We  consider  a  small 
tip  sliding  over  an  asperity  making  an  angle  0  with  the  horizontal  plane  (Fig.  12.19). 
The  normal  (to  the  general  surface)  force  W  applied  by  the  tip  to  the  sample  surface 
is  constant.  The  friction  force  F  on  the  sample  would  be  a  constant  for  a  smooth 
surface  if  the  friction  mechanism  does  not  change.  For  a  rough  surface  shown  in 
Fig.  12.19,  if  the  adhesive  mechanism  does  not  change  during  sliding,  the  local 
value  of  the  coefficient  of  friction  remains  constant, 
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Fig.  12.18  Surface  roughness  map,  surface  slope  map  taken  in  the  sample  sliding  direction  (the 
horizontal  axis),  and  friction  force  map  for  (a)  a  gold-coated  ruler  (with  somewhat  rectangular 
grids  with  a  pitch  of  1  um  and  a  ruling  step  height  of  about  70  nm)  at  normal  load  of  25  nN,  and 
(b)  a  silicon  grid  (with  5  urn  square  pits  of  depth  180  nm  and  pitch  10  urn)  (after  [93]) 
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Fig.  12.19  Schematic  illustration  showing  the  effect  of  an  asperity  (making  an  angle  9  with  the 
horizontal  plane)  on  the  surface  in  contact  with  the  tip  on  local  friction  in  the  presence  of  the 
adhesive  friction  mechanism.  W  and  F  are  the  normal  and  friction  forces,  respectively,  and  S  and  N 
are  the  force  components  along  and  perpendicular  to  the  local  surface  of  the  sample  at  the  contact 
point,  respectively 


fi0  =  S/N, 


(12.1) 


where  5  is  the  local  friction  force  and  N  is  the  local  normal  force.  However,  the 
friction  and  normal  forces  are  measured  with  respect  to  global  horizontal  and 
normal  axes,  respectively.  The  measured  local  coefficient  of  friction  ^  in  the 
ascending  part  is 


F 

ft   =  777  = 


(/i0  +  tan  9) 

W       (1  -A)  lan0) 
for  small  /(0  tanfl, 


a  fi0, 


tan  9 


(12.2) 


indicating  that  in  the  ascending  part  of  the  asperity  one  may  simply  add  the  friction 
force  and  the  asperity  slope  to  one  another.  Similarly,  on  the  right-hand  side 
(descending  part)  of  the  asperity, 


(uq  —  tan  9) 

^2  =  77- T~^a  ^o  -  ten 

(1  +  no  tanfj,) 

for  small  fi0  tan0. 


(12.3) 


For  a  symmetrical  asperity,  the   average  coefficient  of  friction  experienced  by  the 
FFM  tip  traveling  across  the  whole  asperity  is 


(ft  +lh) 


/'o 


2 
(l+tan20) 


(1-/4  tan2(?) 
for  small  fiQ  tan  9 


a.  fi0(l  +  tan2  9), 


(12.4) 
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Finally,  we  consider  the  plowing  component  of  friction  with  the  tip  sliding  in  either 
direction,  which  is  [11,  17] 

/(    a  tan  6.  (12.5) 

Because  in  FFM  measurements  we  notice  little  damage  of  the  sample  surface,  the 
contribution  from  plowing  is  expected  to  be  small,  and  the  ratchet  mechanism  is 
believed  to  be  the  dominant  mechanism  for  the  local  variations  in  the  friction  force 
map.  With  the  tip  sliding  over  the  leading  (ascending)  edge  of  an  asperity,  the 
surface  slope  is  positive;  it  is  negative  during  sliding  over  the  trailing  (descending) 
edge  of  an  asperity.  Thus,  measured  friction  is  high  at  the  leading  edge  of  asperities 
and  low  at  the  trailing  edge.  In  addition  to  the  slope  effect,  the  collision  of  the  tip 
when  encountering  an  asperity  with  a  positive  slope  produces  additional  torsion  of 
the  cantilever  beam  leading  to  higher  measured  friction  force.  When  encountering 
an  asperity  with  the  same  negative  slope,  however,  there  is  no  collision  effect  and 
hence  no  effect  on  torsion.  This  effect  also  contributes  to  the  difference  in  friction 
forces  when  the  tip  scans  up  and  down  on  the  same  topography  feature.  The  ratchet 
mechanism  and  the  collision  effects  thus  semiquantitatively  explain  the  correlation 
between  the  slopes  of  the  roughness  maps  and  friction  force  maps  observed  in 
Figs.  12.17  and  12.18.  We  note  that,  in  the  ratchet  mechanism,  the  FFM  tip  is 
assumed  to  be  small  compared  with  the  size  of  asperities.  This  is  valid  since  the 
typical  radius  of  curvature  of  the  tips  is  w  10-50  nm.  The  radii  of  curvature  of  the 
asperities  of  the  samples  measured  here  (the  asperities  that  produce  most  of  the 
friction  variation)  are  found  to  be  typically  sal 00-200  nm,  which  is  larger  than  that 
of  the  FFM  tip  [94].  It  is  important  to  note  that  the  measured  local  values  of  friction 
and  normal  forces  are  measured  with  respect  to  global  (and  not  local)  horizontal  and 
vertical  axes,  which  are  believed  to  be  relevant  in  applications. 


12.2.3    Directionality  Effect  on  Microfriction 

During  friction  measurements,  the  friction  force  data  from  both  the  forward  (trace) 
and  backward  (retrace)  scans  are  useful  in  understanding  the  origins  of  the  observed 
friction  forces.  Magnitudes  of  material-induced  effects  are  independent  of  the 
scanning  direction  whereas  topography-induced  effects  are  different  between  for- 
ward and  backward  scanning  directions.  Since  the  sign  of  the  friction  force  changes 
as  the  scanning  direction  is  reversed  (because  of  the  reversal  of  torque  applied  to  the 
end  of  the  tip),  addition  of  the  friction  force  data  of  the  forward  and  backward  scan 
eliminates  the  material-induced  effects  while  topography-induced  effects  remain. 
Subtraction  of  the  data  between  forward  and  backward  scans  does  not  eliminate 
either  effect  (Fig.  12.20)  [93]. 

Owing  to  the  reversal  of  the  sign  of  the  retrace  (R)  friction  force  with  respect  to 
the  trace  (T)  data,  the  friction  force  variations  due  to  topography  are  in  the  same 
direction  (peaks  in  the  trace  correspond  to  peaks  in  the  retrace).  However,  the 
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Fig.  12.20    Schematic  of 
friction  forces  expected  when 
a  tip  traverses  a  sample 
composed  of  different 
materials  with  sharp  changes 
in  topography.  A  schematic  of 
the  surface  slope  is  also 
shown 
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magnitudes  of  the  peaks  in  the  trace  and  retrace  at  a  given  location  are  different. 
The  increase  in  the  friction  force  experienced  by  the  tip  when  scanning  up  a  sharp 
change  in  topography  is  greater  than  the  decrease  in  the  friction  force  experienced 
when  scanning  down  the  same  topography  change,  partly  because  of  the  collision 
effects  discussed  earlier.  Asperities  on  engineering  surfaces  are  asymmetrical, 
which  also  affects  the  magnitude  of  the  friction  force  in  the  two  directions. 
Asymmetry  in  the  tip  shape  may  also  have  an  effect  on  the  directionality  of  friction. 
We  will  note  later  that  the  magnitude  of  the  surface  slopes  are  virtually  identical, 
therefore  the  tip  shape  asymmetry  should  not  have  much  effect. 

Figure  12.21  shows  surface  height  and  friction  force  data  for  a  gold  ruler  and  a 
silicon  grid  in  the  trace  and  retrace  directions.  Subtraction  of  the  two  sets  of  friction 
data  yields  a  residual  peak  because  of  the  differences  in  the  magnitudes  of  the 
friction  forces  in  the  two  directions.  This  effect  is  observed  at  all  locations  of 
significant  changes  in  topography. 

In  order  to  facilitate  comparison  of  the  effect  of  directionality  on  friction,  it  is 
important  to  take  into  account  the  change  of  sign  of  the  surface  slope  and  friction 
force  in  the  trace  and  retrace  directions.  Figure  12.22  shows  surface  height,  surface 


12     Nanotribology,  Nanomechanics,  and  Materials  Characterization 


35 


Friction 
force  (R) 


1.5 
um 


Friction 
force  (T-R) 


0.75  1.5 

Scan  distance  (um) 


D  Surface  height  (nm) 
250" 


i r 


Friction  force  (V) 
0.35" 


l(Low 
friction 


if 


High 

friction 


Friction  force  (V) 
0.35" 


High 
friction 


Friction  force  (V) 
0.35" 


4 t- 


10 
Scan  distance  (um) 


Fig.  12.21  (a)  Gray-scale  images  and  two-dimensional  profiles  of  surface  height  and  friction 
forces  across  a  single  ruling  of  the  gold-coated  ruler,  and  (b)  two-dimensional  profiles  of  surface 
height  and  friction  forces  across  a  silicon  grid  pit.  Friction  force  data  in  trace  and  retrace 
directions,  and  subtracted  force  data  are  presented 


slope,  and  friction  force  data  for  two  samples  in  the  trace  and  retrace  directions. 
The  correlations  between  the  surface  slope  and  friction  forces  are  clear.  The  third 
column  in  the  figure  shows  the  retrace  slope  and  friction  data  with  an  inverted  sign 
(—retrace).  Now  we  can  compare  trace  data  with  —retrace  data.  It  is  clear  that  the 
friction  experienced  by  the  tip  is  dependent  upon  the  scanning  direction  because  of 
the  surface  topography.  In  addition  to  the  effect  of  topographical  changes  discussed 
earlier,  during  surface-finishing  processes,  material  can  be  transferred  preferen- 
tially onto  one  side  of  the  asperities,  which  also  causes  asymmetry  and  direction 
dependence.  Reduction  of  local  variations  and  in  the  directionality  of  friction 
properties  requires  careful  optimization  of  surface  roughness  distributions  and 
surface-finishing  processes. 

The  directionality  as  a  result  of  the  effect  of  surface  asperities  will  also  be  mani- 
fested in  macroscopic  friction  data;  i.e.,  the  coefficient  of  friction  may  be  different 
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Fig.  12.22  (a)  Gray-scale  images  of  surface  heights,  surface  slopes,  and  friction  forces  for  scans 
across  a  gold-coated  ruling,  and  (b)  two-dimensional  profiles  of  surface  heights,  surface  slopes,  and 
friction  forces  for  scans  across  a  silicon  grid  pit.  Arrows  indicate  the  tip  sliding  direction  (after  [93]) 


in  one  sliding  direction  than  the  other.  The  asymmetrical  shape  of  the  asperities 
accentuates  this  effect.  Frictional  directionality  can  also  exist  in  materials  with 
particles  having  a  preferred  orientation.  The  directionality  effect  in  friction  on  a 
macroscale  is  observed  in  some  magnetic  tapes.  In  a  macroscale  test,  a  12.7  mm- 
wide  polymeric  magnetic  tape  was  wrapped  over  an  aluminum  drum  and  slid  in  a 
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Fig.  12.23  Coefficient  of  macroscale  friction  as  a  function  of  drum  passes  for  a  polymeric 
magnetic  tape  sliding  over  an  aluminum  drum  in  a  reciprocating  mode  in  both  directions.  Normal 
load  =  0.5  N  over  12.7  mm-wide  tape,  sliding  speed   =  60  mm/s  (after  [78]) 

reciprocating  motion  with  a  normal  load  of  0.5  N  and  a  sliding  speed  of  ss  60  mm/s 
[4] .  The  coefficient  of  friction  as  a  function  of  sliding  distance  in  either  direction  is 
shown  in  Fig.  12.23.  We  note  that  the  coefficient  of  friction  on  a  macroscale  for  this 
tape  is  different  in  different  directions.  Directionality  in  friction  is  sometimes 
observed  on  the  macroscale;  on  the  microscale  this  is  the  norm  [5,  15].  On  the 
macroscale,  the  effect  of  surface  asperities  is  usually  averaged  out  over  a  large 
number  of  contacting  asperities. 


12.2.4    Surface-Roughness-Independent  Microscale  Friction 

As  just  reported,  the  friction  contrast  in  conventional  friction  measurements  is 
based  on  interactions  dependent  upon  interfacial  material  properties  superimposed 
by  roughness-induced  lateral  forces,  and  the  cantilever  twist  is  dependent  on  the 
sliding  direction  because  of  the  local  surface  slope.  Hence  it  is  difficult  to  separate 
friction-induced  from  roughness-induced  cantilever  twist  in  the  image.  To  obtain 
roughness-independent  friction,  lateral  or  torsional  modulation  techniques  are  used, 
in  which  the  tip  is  oscillated  in-plane  with  a  small  amplitude  at  a  constant  normal 
load,  and  change  in  the  shape  and  magnitude  of  the  cantilever  resonance  is  used  as 
a  measure  of  the  friction  force  [44,  49,  95].  These  techniques  also  allow  mea- 
surements over  a  very  small  region  (a  few  nm  to  a  few  um). 

Scherer  et  al.  [45]  and  Reinstadtler  et  al.  [46,  47]  used  the  lateral  mode  for 
friction  measurements  (Fig.  12.10b)  whereas  Bhushan  and  Kasai  [49]  used  the  TR 
mode  for  these  measurements  (Fig.  12.11).  Before  engagement,  the  cantilever  is 
driven  into  torsional  motion  of  the  cantilever-tip  assembly  with  a  given  normal 
vibration  amplitude  (the  vibration  amplitude  in  free  air).  After  engagement,  the 
vibration  amplitude  decreases  due  to  the  interaction  between  the  tip  and  the  sample, 
the  vibration  frequency  increases,  and  phase  shift  occurs.  During  scanning,  the 
normal  load  is  kept  constant,  and  the  vibration  amplitude  of  the  cantilever  is 
measured  at  the  contact  frequency. 
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Fig.  12.24    Schematic 
showing  frequency  profiles  of 
the  TR  amplitude  for 
materials  with  two  phases  and 
a  single  phase.  The  maximum 
TR  amplitude  at  the  contact 
resonant  frequency  of  the 
resonance  curve  with  a 
flattened  top,  resulting  from 
slip,  can  be  used  for  friction 
force  measurement 
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As  mentioned  earlier,  the  shift  in  contact  resonant  frequency  in  both  the  lateral  and 
TR  modes  is  a  measure  of  contact  stiffness,  as  shown  schematically  in  Fig.  12.24. 
At  an  excitation  voltage  above  a  certain  value,  as  a  result  of  microslip  at  the  interface, 
a  flattening  of  the  resonant  frequency  spectra  occurs  (Fig.  12.22).  At  low  excitation 
voltage,  the  AFM  tip  sticks  to  the  sample  surface  and  follows  the  motion  like  an  elastic 
contact  with  viscous  damping,  in  which  case  the  resonance  curve  is  Lorentzian  with 
a  well-defined  maximum.  The  excitation  voltage  should  be  high  enough  to  initiate 
microslip.  The  maximum  torsional  amplitude  at  a  given  resonance  frequency  is 
a  function  of  the  friction  force  and  sample  stiffness,  so  the  technique  is  not  valid  for 
inhomogeneous  samples.  If  the  torsional  stiffness  of  the  cantilever  is  very  high 
compared  with  the  sample  stiffness,  the  technique  should  work. 

Reinstadtler  et  al.  [46]  performed  lateral-mode  experiments  on  bare  Si  and 
Si  lubricated  with  5  nm-thick  chemically  bonded  perfluoropolyether  (Z-DOL) 
lubricant  film.  Figure  12.25a  shows  the  amplitude  of  the  cantilever  torsional  vibra- 
tion as  a  function  of  frequency  on  a  bare  silicon  sample.  The  frequency  sweep  was 
adjusted  such  that  a  contact  resonant  frequency  was  covered.  The  different  curves 
correspond  to  different  excitation  voltages  applied  to  the  shear  wave  transducer.  At 
low  amplitudes,  the  shape  of  the  resonance  curve  is  Lorentzian.  Above  a  critical 
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Fig.  12.25    Torsional 
vibration  amplitude  of  the 
cantilever  as  a  function 
of  excitation  frequency. 
(a)  Measurement  on  bare 
silicon.  The  different  curves 
correspond  to  increasing 
excitation  voltages  applied 
to  the  transducer,  and  hence 
increasing  surface 
amplitudes,  (b)  Measurement 
on  silicon  lubricated  with 
a  5  nm-thick  Z-DOL  layer. 
Curves  for  three  different 
static  loads  are  shown. 
The  transducer  was  excited 
with  5  V  of  amplitude, 
(c)  Measurement  with  a 
static  load  of  70  nN  and 
7  V  excitation  amplitude. 
The  two  curves  correspond 
to  bare  silicon  and  lubricated 
silicon  (after  [46]) 
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excitation  amplitude  of  the  transducer  (excitation  voltage  =4  V,  corresponding  to 
«  0.2  nm  lateral  surface  amplitude  as  measured  by  interferometry),  the  resonance 
curve  flattens  out,  and  the  frequency  range  of  the  flattened  part  increases  further 
with  the  excitation  amplitude.  Here,  the  static  force  applied  was  47  nN  and  the 
adhesion  force  was  15  nN.  The  resonance  behavior  of  the  tip-cantilever  system 
in  contact  with  the  lubricated  silicon  sample  (Fig.  12.25b)  was  similar  to  that  with 
the  bare  silicon  sample.  By  increasing  the  static  load,  the  critical  amplitude  for  the 
appearance  of  the  flattening  increases.  Deviations  from  the  Lorentzian  resonance 
curve  became  visible  at  static  loads  <  95  nN.  As  shown  in  Fig.  12.25c,  the  resonance 
curve  obtained  at  the  same  normal  load  of  70  nN  and  the  same  excitation  voltage 
(7  V)  is  more  flattened  on  the  lubricated  sample  than  on  the  bare  silicon,  which  led  us 
to  conclude  that  the  critical  amplitude  is  lower  on  the  lubricated  sample  than  on  the 
bare  sample.  These  experiments  clearly  demonstrate  that  torsional  vibration  of  an 
AFM  cantilever  at  ultrasonic  frequencies  leads  to  stick-  slip  phenomena  and  sliding 
friction.  Above  a  critical  vibration  amplitude,  sliding  friction  sets  in. 

Bhushan  and  Kasai  [49]  performed  friction  measurements  on  a  silicon  ruler  and 
demonstrated  that  friction  data  in  TR  mode  is  essentially  independent  of  surface 
roughness  and  sliding  direction.  Figure  12.26a  shows  surface  height  and  friction 
force  maps  on  a  silicon  ruler  obtained  using  the  TR-mode  and  contact-mode 
techniques.  A  comparison  is  made  between  the  TR-mode  and  contact-mode  friction 
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Fig.  12.26  (continued) 
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Fig.  12.26  (a)  Comparison  between  the  TR-mode  friction  and  contact-mode  friction  maps 
together  with  line  scans,  on  a  silicon  ruler.  TR-mode  surface  height  and  contact-mode  surface 
height  images  are  also  shown,  (b)  Comparison  of  line  scans  of  TR-mode  friction  and  contact-mode 
friction  on  a  selected  pitch  of  the  silicon  ruler  (after  [49]) 


force  maps.  For  easy  comparison,  the  line  scan  profiles  near  the  central  area  are 
shown  on  top  of  the  gray  scale  maps.  The  vertical  scales  of  the  friction  force  profiles 
in  the  two  graphs  are  selected  to  cover  the  same  range  of  friction  force  so  that  direct 
comparison  can  be  made,  i.e.,  0.25  V  at  full  scale  for  the  TR  mode  corresponds  to 
0.5  V  for  the  contact  mode  in  these  measurements.  As  expected,  for  the  trace  scan, 
small  downward  peaks  in  the  TR-mode  map  and  large  upward  and  downward  peaks 
in  the  contact-mode  map  are  observed.  The  positions  of  these  peaks  coincide  with 
those  of  the  surface  slope;  therefore,  the  peaks  in  the  friction  signals  are  attributed 
to  a  topography-induced  effect.  For  the  retrace  scan,  the  peak  pattern  for  the  TR 
mode  stays  similar,  but  for  the  contact  mode  the  pattern  becomes  reversed. 

The  subtraction  image  for  the  TR  mode  shows  almost  flat  contrast,  since  the 
trace  and  retrace  friction  data  profiles  are  almost  identical.  For  the  contact  mode, 
the  subtraction  image  shows  that  the  topography-induced  contribution  still  exists. 
As  stated  earlier,  the  addition  image  of  the  TR  mode  and  the  addition  image  of  the 
contact  mode  enhance  the  topography-induced  effect,  as  observed  in  the  figure. 
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A  closer  look  at  the  silicon  ruler  images  at  one  pitch  was  taken,  and  the 
associated  images  are  shown  in  Fig.  12.26b.  The  surface-height  profiles  in  the  TR 
mode  and  contact  mode  are  somewhat  different.  The  TR  mode  shows  sharper  edges 
than  those  in  contact  mode.  The  ratios  of  the  change  in  amplitude  at  the  steps  to  the 
change  in  the  mean  amplitude  in  the  TR  mode  and  in  the  contact  mode  are  a 
measure  of  topography  effects.  The  ratio  in  the  contact  mode  («  85%)  is  about 
seven  times  larger  than  that  in  the  TR  mode  («  12%). 


12.2.5     Velocity  Dependence  of  MicrolNanoscale  Friction 

AFM/FFM  experiments  can  generally  be  conducted  at  relative  velocities  as  high 
as  rj  100-250  um/s.  To  simulate  applications,  it  is  of  interest  to  conduct  friction 
experiments  at  higher  velocities  (up  to  1  m/s).  Furthermore,  high-velocity  experi- 
ments would  be  useful  to  study  the  velocity  dependence  of  friction  and  wear.  One 
approach  has  been  to  mount  samples  on  a  shear  wave  transducer  (an  ultrasonic 
transducer)  and  then  drive  it  at  very  high  frequencies  (in  the  MHz  range),  as 
reported  earlier  (Fig.  12.10)  [44-48,  95,  97].  The  coefficient  of  friction  on 
the  nanoscale  is  estimated  based  on  the  contact  resonant  frequency  and  requires 
the  solution  of  the  characteristic  equations  for  the  tip  vibrating  in  contact  with  the 
sample  surface.  The  approach  is  complex  and  depends  upon  various  assumptions. 
An  alternative  approach  is  to  utilize  piezo  stages  with  large  amplitude 
(w  10-100  urn)  and  relatively  low  resonance  frequency  (a  few  kHz)  and  measure 
the  friction  force  on  the  microscale  directly  using  the  FFM  signal  without  any 
analysis  with  the  assumptions  used  in  the  previous  approaches  based  on  shear  wave 
transducers.  A  commercial  AFM  setup  modified  with  this  approach  can  yield 
sliding  velocities  up  to  200  mm/s  [50,  97].  In  the  high-velocity  piezo  stage  shown 
in  Fig.  12.27a,  the  single-axis  piezo  stage  is  oriented  such  that  the  scanning  axis  is 
perpendicular  to  the  long  axis  of  the  AFM  cantilever  (which  corresponds  to  the  90° 
scan  angle  mode  of  the  commercial  AFM).  The  displacement  is  monitored  using  an 
integrated  capacitive  feedback  sensor,  located  diametrically  opposite  to  the  piezo 
crystal.  The  capacitive  change,  corresponding  to  the  stage  displacement,  gives 
a  measure  of  the  amount  of  displacement  and  can  be  used  as  feedback  to  the 
piezo  controller  for  better  guidance  and  tracking  accuracy  during  scanning.  The 
closed-loop  position  control  of  the  piezoelectric -driven  stages  using  capacitive 
feedback  sensors  provides  linearity  of  motion  better  than  0.01%  with  nanometer 
resolution  and  stable  drift-free  motion  [50].  In  the  ultrahigh- velocity  piezo  stage 
shown  in  Fig.  12.27a,  a  rectangular  monolithic  piezoceramic  plate  (the  stator)  with 
two  excitation  electrodes  is  resonated  using  a  12  V  power  supply.  Depending  on  the 
desired  direction  of  the  motion,  the  left  or  right  electrode  is  excited  to  produce  high- 
frequency  eigenmode  oscillations  up  to  200  kHz.  Simultaneous  eigenmodes  result 
in  quasielliptical  motion.  An  alumina  friction  tip  (pusher)  attached  to  the  plate 
pushes  a  slider  with  a  glued  friction  bar  which  rests  on  a  set  of  bearings.  Through  its 
contact  with  the  friction  bar,  the  piezoceramic  plate  provides  microimpulses  and 
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Fig.  12.27  Schematics  of  (a)  an  ultrahigh-velocity  piezo  stage  and  (b)  a  high- velocity  piezo  stage, 
and  (c)  a  block  diagram  of  the  high-speed  data  collection  and  processing  system  used  for  friction 
force  measurement  (after  [50,  96]) 
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drives  the  slider  forward  or  backward.  While  the  longitudinal  oscillation  compo- 
nent provides  the  energy  as  the  driving  force,  the  transverse  component  serves  to 
change  the  pressure  of  the  friction  tip  against  the  friction  bar.  The  transverse 
oscillation  energy  determines  the  maximum  frictional  force  and  hence  the  holding 
and  driving  force  of  the  stage.  An  optical  position  reference  photosensor  is  located 
approximately  in  the  middle  of  the  range  of  travel  and  is  used  to  reference  the 
absolute  position  of  the  stage  within  1  urn  repeatability.  During  motion,  the  incre- 
ments of  the  linear  scale  from  a  home  (reference)  position  point  are  converted  to 
determine  position  using  a  linear  optical  encoder. 

A  block  diagram  of  the  high-speed  data  collection  and  processing  system  used 
for  the  friction  force  measurement  is  shown  in  Fig.  12.27b.  During  the  experiments, 
the  AFM  cantilever  is  held  stationary  by  maintaining  a  scan  size  of  zero.  The 
mounted  sample  is  scanned  below  the  AFM  tip  by  moving  stages,  and  the  normal 
and  torsional  deflections  of  the  tip  are  recorded  by  a  photodiode  detector.  The  raw 
deflection  signals  from  the  optical  detection  system  are  directly  routed  to  a  high- 
speed data-acquisition  A/D  board.  Raw  friction  data  is  acquired  at  a  high  sampling 
rate  of  up  to  80  kilosamples/s. 

The  velocity  dependence  of  friction  for  Si(100),  diamond-like  carbon  (DLC), 
self-assembled  monolayer,  and  perfiuoropolyether  lubricant  films  has  been  studied 
by  Tambe  and  Bhushan  [50,  98-101]  and  Tao  and  Bhushan  [96,  102].  The  friction 
force  as  a  function  of  velocity  for  Si(100)  and  DLC  (deposited  by  filtered  cathodic 
arc)  is  shown  in  Fig.  12.28  on  a  logarithm  velocity  scale  (middle  column).  The 
solid  lines  in  the  figure  represent  the  results  for  a  scan  length  of  1,000  um  with 
velocity  ranging  from  1,000  to  2  x  10  um/s  using  the  ultrahigh-velocity  stage. 
The  dotted  lines  represent  results  for  a  25  um  scan  length  with  velocity  ranging 
from  5  to  500  um/s  using  the  high-velocity  stage.  To  show  the  friction  force 
dependence  on  velocity  in  the  lower  range  clearly,  the  test  results  with  velocity 
varying  from  5  to  500  um/s  for  25  um  are  shown  on  a  magnified  scale  in  the  left 
column  of  Fig.  12.28. 

On  the  Si(100)  sample,  the  friction  force  decreased  with  velocity  at  low  velo- 
cities (v  <  10  um/s)  and  then  increased  linearly  with  log  (v)  for  the  25  urn 
scan  length.  For  the  1,000  um  scan  length,  the  friction  force  increased  linearly 
with  log  (v)  when  the  velocity  was  <  2  x  104  um/s.  When  the  velocity  was 
>  2xl04  um/s,  the  friction  force  increased  linearly  with  velocity.  For  DLC,  the 
friction  force  increased  linearly  with  log  (v)  from  5  to  500  um/s  for  the  25  urn 
scan  length.  For  the  1000  um  scan  length,  the  friction  force  increased  with  velocity 
until  about  2  x  104  um/s,  where  the  friction  force  reaches  a  maximum,  after  which 
the  friction  force  decreased  with  velocity. 

For  different  samples,  the  change  in  the  friction  force  with  velocity  involves 
different  mechanisms  due  to  the  sample  surface  conditions.  The  silicon  surface 
is  hydrophilic  whereas  the  DLC  surface  is  nearly  hydrophobic.  Under  ambient 
conditions,  a  thin  water  film  is  condensed  on  a  hydrophilic  sample  surface.  On 
a  hydrophobic  surface,  with  high  contact  angle,  it  is  difficult  for  a  water  film  to  form 
on  the  sample  surface,  and  the  effect  of  the  water  film  on  the  adhesive  force  and 
friction  force  can  be  neglected. 
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Fig.  12.28  Friction  force  as  a  function  of  sliding  velocity  obtained  with  a  25  um  scan  length 
using  a  high-velocity  stage  (dotted  line)  and  with  a  1000  um  scan  length  using  an  ultrahigh- 
velocity  stage  (solid  line).  In  (a)  and  (b),  velocity  is  plotted  on  a  logarithmic  scale,  (a)  Lower 
range  of  the  velocity  (1-500  u.m/s).  (c)  Data  at  the  higher  range  of  velocity  on  a  linear  scale 
(after  [102]) 
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On  the  silicon  surface,  when  the  velocity  is  <10  um/s,  the  friction  force 
decreased  with  velocity.  This  can  be  explained  as  follows.  The  water  meniscus 
bridges  develop  as  a  function  of  time  around  the  tip  until  reaching  the  equi- 
librium condition,  being  the  dominant  contributor  to  the  friction  force  [5,  6,  11, 
13,  19].  The  motion  of  the  tip  results  in  continuous  breaking  and  reforming  of 
the  meniscus  bridges.  As  the  tip  sliding  velocity  exceeds  a  critical  velocity 
(10  um/s),  there  is  not  sufficient  time  for  the  menisci  to  reform,  and  the  menis- 
cus force  will  not  play  a  dominant  role  any  more.  Between  10  and  2x10  um/s, 
the  friction  increases  linearly  with  log  (v)  for  both  25  and  1,000  um  scan 
lengths.  This  logarithmic  dependence  can  be  explained  by  atomic-scale  stick- 
slip  [99,  102].  At  velocity  >  2  x  105  um/s,  the  friction  increases  linearly  with 
velocity,  a  trend  that  can  be  explained  by  viscous  shear  (see  the  friction  force 
plotted  as  a  function  of  velocity  on  a  linear  magnified  scale  in  the  right  column 
of  Fig.  12.28). 

To  explain  the  atomic-scale  stick-slip  mechanism  of  friction,  the  motion  of  the 
tip  is  expressed  by  a  spring-mass  model  [103]  as 

mx\  =  -n.it  —  k(xu  —  X\)  —  F,  (12.6) 

where  m  is  the  effective  mass  of  the  system,  r\  is  the  viscous  damping  coefficient, 
k  is  the  spring  constant  of  the  cantilever,  xM  =  vMt  is  the  equilibrium  position  of 
the  cantilever,  xt  is  the  position  of  the  tip,  and  F  is  the  external  force.  The  lateral 
force  is  expressed  as  F\  =  k(xM  —  xt),  and  the  friction  force  F[T1C  is  the  lateral  force 
averaged  over  time. 

For  velocities  <  2x10  um/s,  the  damping  part  (ryxt)  in  (12.6)  is  comparati- 
vely low,  and  atomic-scale  stick-slip  is  dominant.  To  investigate  the  stick-slip, 
Tomlinson  [88]  assumed  a  periodic  surface  with  potential 

V(*)  =  Vo(l-cos—  J,  (12.7) 

where  Vq  is  the  surface  barrier  potential  height  and  a  is  the  lattice  constant  of  the 
surface.  Then  the  force  F  in  (12.6)  can  be  expressed  as 

F  =  V'(x)=2-^^(—)-  (12-8) 

a  \  a  J 

Based  on  the  Tomlinson  model,  and  taking  into  account  the  effect  of  thermal 
activation,  or  the  elastic  energy  stored  in  the  cantilever  during  sliding,  Gnecco 
et  al.  [104]  derived  the  relationship  between  the  friction  force  and  velocity,  which  is 
expressed  as 

^tick-slip  =F0  +  c  In  d,  (12.9) 

where  F0  and  c  are  constants. 
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When  the  tip  slides  at  high  velocities  on  a  solid  surface  covered  by  a  viscous  film 
such  as  a  water  film,  the  friction  force  (F{lic)  is  related  to  the  velocity  and  viscosity 
of  the  film  by  [11] 

Fmc  =^N  +  71yA^fiN  +  1^-,  (12. 10) 

a 

where  [i  is  the  coefficient  of  friction  between  the  dry  sliding  bodies,  N  is  the 
applied  load,  x  is  the  shear  stress,  A  is  the  real  contact  area,  r\  is  the  viscosity  of 
the  film,  y  is  the  velocity  gradient,  v  is  the  sliding  velocity,  and  d  is  the  thickness 
of  the  film.  Based  on  (12.10),  the  relationship  between  the  friction  force  and  the 
sliding  velocity  is  linear  when  sliding  on  a  viscous  coating.  The  relationship  is 
consistent  with  the  conclusion  by  Helman  et  al.  [105]  about  the  linear  relation- 
ship between  the  friction  force  and  the  sliding  velocity  (Fflic  ~  ijvm)  at  high 
sliding  velocities  for  a  spring-mass  model  in  (12.6),  which  simulates  the  AFM  tip 
sliding   on  a  viscous  liquid. 

The  sliding  of  the  tip  on  a  hydrophilic  surface  with  a  water  film  at  low, 
intermediate,  and  high  velocities  is  illustrated  schematically  in  Fig.  12.29a.  It 
should  be  noted  that  the  stick-slip  mechanism  considered  by  Gnecco  et  al.  [104] 
was  based  on  the  investigation  on  a  dry  surface.  In  this  study,  although  the  water 
was  condensed  on  the  Si(100)  surface,  the  water  film  on  the  surface  would  not  have 
significant  effect  on  energy  dissipation  due  to  surface  variation  at  relatively 
low  velocities.  Thus  the  linear  relationship  between  friction  and  log  (v)  could  be 
maintained.  When  the  velocity  increases  above  a  certain  value,  the  tip  would  lose 
direct  contact  with  the  sample  surface  and  shear  the  water  film.  At  velocities 
>  2x10  um/s,  the  asperity  deformation  from  the  high-velocity  impact  could  be 
another  mechanism,  as  proposed  by  Tambe  and  Bhushan  [99]. 

For  the  DLC  film,  since  the  surface  is  nearly  hydrophobic,  a  uniform  water  film 
would  not  form  on  the  surface.  When  sliding  at  a  velocity  lower  than  1 ,000  um/s, 
the  friction  force  increased  linearly  with  log  (v),  which  could  also  be  explained 
by  atomic-scale  stick-slip.  At  velocities  >  1,000  um/s,  the  friction  force  increased 
with  velocity  until  the  local  maximum  at  the  velocity  of  2  x  10  um/s,  then  decre- 
ased with  velocity.  The  decreasing  trend  in  friction  at  higher  velocities  could  be 
due  to  tip  jump  during  sliding,  as  illustrated  in  Fig.  12.29b.  Tip  jump  results  in 
the  reduction  of  the  lateral  force  during  sliding.  Variation  of  friction  force  with 
distance,  indicative  of  tip  jump,  was  observed  from  the  lateral  force  signal  (not 
shown).  When  damping  is  low  and  velocity  is  high,  the  tip  could  jump  several 
periodical  cycles  or  several  peaks  [106].  At  a  given  low  damping  coefficient,  the 
slip  results  in  a  low  transient  lateral  force,  as  discussed  by  Fusco  and  Fasolino 
[106].  Thus  the  average  lateral  force  (friction  force)  over  the  scan  length  is  low.  The 
tip  jump  could  also  cause  high-velocity  impact  of  asperities  on  the  DLC  surface, 
resulting  in  the  phase  transformation  of  DLC  from  sp  to  sp  ,  as  explained  by 
Tambe  and  Bhushan  [99].  The  layer  of  sp  phase  can  act  as  a  lubricant  and  reduce 
the  interfacial  friction. 
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Fig.  12.29    Schematics  of  a 
tip  sliding  at  different 
velocities  on  (a)  a  water- 
covered  surface,  and  (b)  a  dry 
surface  (after  [102]) 


3    A  tip  sliding  on  a  surface  covered  with  water  film 

Low  velocity:  meniscus  formation 


Meniscus  bridges 


Intermediate  velocity:  atomic-scale  stick-slip 


Tip  trajectory 


b   A  tip  sliding  on  a  dry  solid  surface 

Low  velocity:  atomic-scale  stick-slip 


Tip  trajectory 


12.2.6    Nanoscale  Friction  and  Wear  Mapping 


Contrary  to  classical  friction  laws  postulated  by  Amontons  and  Coulomb  centuries 
ago,  nanoscale  friction  force  is  found  to  be  strongly  dependent  on  the  normal 
load  and  sliding  velocity.  Many  materials,  coatings,  and  lubricants  that  have  wide 
applications  show  reversals  in  friction  behavior  corresponding  to  transitions 
between  different  friction  mechanisms  [50,  98-100,  108].  Most  of  the  analytical 
models  developed  for  explaining  nanoscale  friction  behavior  have  remained  limited 
in  their  focus  and  have  left  investigators  short-handed  when  trying  to  explain 
friction  behavior  spanning  multiple  regimes.  Nanoscale  friction  maps  provide 
fundamental  insights  into  friction  behavior.  They  help  to  identify  and  classify 
the  dominant  friction  mechanisms  as  well  as  to  determine  the  critical  operating 
parameters  that  influence  transitions  between  different  mechanisms  [99,  100]. 
Figure  12.30  shows  a  nanoscale  friction  map  for  DLC  with  friction  mapped  as 
a  function  of  normal  load  and  sliding  velocity  [107].  The  contours  represent  lines 
of  constant  friction  force.  The  friction  force  is  seen  to  increase  with  normal  load  as 
well  as  velocity.  The  increase  in  friction  force  with  velocity  is  the  result  of  atomic- 
scale  stick-slip.  This  is  a  result  of  thermal  activation  of  the  irreversible  jumps  of  the 
AFM  tip  that  arise  from  overcoming  the  energy  barrier  between  adjacent  atomic 
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Fig.  12.30    Contour  map 
showing  the  dependence  of 
friction  force  on  normal  load 
and  sliding  velocity  for  DLC 
(after  [107]) 


Normal  load  (nN) 
24+ 


103 
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positions,  as  described  earlier.  The  concentric  contour  lines  corresponding  to 
constant  friction  force  predict  a  peak  point,  i.e.,  a  point  where  the  friction  force 
reaches  a  maxima  and  beyond  which  any  further  increase  in  normal  load  or  sliding 
velocity  results  in  a  decrease  in  friction  force.  This  characteristic  behavior  for 
DLC  is  the  result  of  phase  transformation  of  DLC  into  a  graphite-like  phase  by 
the  sp3-to-sp2  phase  transition,  as  described  earlier.  During  the  AFM  experiments, 
the  Si3N4  tip  gives  rise  to  contact  pressures  in  the  range  of  1.8^4.4  GPa  for  DLC 
for  normal  loads  of  10-150  nN  [109].  A  combination  of  the  high  contact  pressures 
that  are  encountered  on  the  nanoscale  and  the  high  frictional  energy  dissipation 
arising  from  the  asperity  impacts  at  the  tip-sample  interface  due  to  the  high  sliding 
velocities  accelerates  the  phase-transition  process  whereby  a  low-shear-strength 
graphite-like  layer  is  formed  at  the  sliding  interface. 

Similar  to  friction  mapping,  one  way  of  exploring  the  broader  wear  patterns  is 
to  construct  wear  mechanism  maps  that  summarize  data  and  models  for  wear, 
thereby  showing  mechanisms  for  any  given  set  of  conditions  [108,  110-112]. 
Wear  of  sliding  surfaces  can  occur  by  one  or  more  wear  mechanisms,  including 
adhesive,  abrasive,  fatigue,  impact,  corrosive,  and  fretting  [6,  11].  Tambe  and 
Bhushan  [109,  112]  performed  AFM  experiments  to  develop  nanoscale  wear 
maps.  Figure  12.31  shows  a  nanowear  map  generated  for  a  DLC  sample  by  simul- 
taneously varying  the  normal  load  and  sliding  velocity  over  the  entire  scan  area. 
The  wear  map  was  generated  for  a  normal  load  range  of  0-1,000  nN  and  sliding 
velocity  range  of  0-2.5  mm/s.  Wear  debris,  believed  to  result  from  the  sp3-to-sp2 
DLC  phase  transition,  was  seen  to  form  only  for  a  high  value  of  the  product  of 
sliding  velocity  and  normal  load,  i.e.,  only  beyond  a  certain  threshold  of  friction 
energy  dissipation  [109,  112].  Hence  the  wear  region  exhibits  a  transition  line, 
indicating  that  for  low  velocities  and  low  normal  loads  there  is  no  phase  trans- 
formation. For  clarity,  the  wear  mark  corners  are  indicated  by  white  dots  in  the 
AFM  image  (top)  and  the  two  zones  of  interest  over  the  entire  wear  mark  are 
illustrated  schematically  in  Fig.  12.31a  (top). 
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Fig.  12.31    Nanowear  map 
(AFM  image  and  schematic) 
illustrating  the  effect  of 
sliding  velocity  and  normal 
load  on  the  wear  of  DLC 
resulting  from  phase 
transformation.  Curved  area 
shows  debris  lining  and  is 
indicative  of  the  minimum 
frictional  energy  needed  for 
phase  transformation.  For 
clarity,  the  wear  mark  corners 
are  indicated  by  white  dots 
in  the  AFM  image  and  the 
various  zones  of  interest 
over  the  entire  wear  mark 
are  schematically  illustrated 
(after  [112]) 
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Nanoscale  friction  and  wear  mapping  are  novel  techniques  for  investigating 
friction  and  wear  behavior  on  the  nanoscale  over  a  range  of  operating  parameters. 
By  simultaneously  varying  the  sliding  velocity  and  normal  load  over  a  large  range 
of  values,  nanoscale  friction  and  wear  behavior  can  be  mapped,  and  the  transitions 
between  different  wear  mechanisms  can  be  investigated.  These  maps  help  identify 
and  demarcate  critical  operating  parameters  for  different  wear  mechanisms  and  are 
very  important  tools  in  the  process  of  design  and  selection  of  materials/coatings. 


12.2.7    Adhesion  and  Friction  in  Wet  Environments 


Experimental  Observations 


Relative  humidity  affects  adhesion  and  friction  for  dry  and  lubricated  surfaces 
[18,  43,  113].  Figure  12.32  shows  the  variation  of  single-point  adhesive  force 
measurements  as  a  function  of  tip  radius  on  a  Si(100)  sample  for  several  humid- 
ities. The  adhesive  force  data  are  also  plotted  as  a  function  of  relative  humidity 
for  several  tip  radii.  The  general  trend  at  humidities  up  to  the  ambient  is  that 
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Fig.  12.32    Adhesive  force  and  coefficient  of  friction  as  a  function  of  tip  radius  at  several 
humidities  and  as  a  function  of  relative  humidity  at  several  tip  radii  on  Si(100)  (after  [43]) 

a  50  nm-radius  S13N4  tip  exhibits  a  lower  adhesive  force  compared  with  other 
microtips  of  larger  radii;  in  the  latter  case,  values  are  similar.  Thus,  for  the  microtips 
there  is  no  appreciable  variation  in  adhesive  force  with  tip  radius  at  given  humidity 
up  to  ambient.  The  adhesive  force  increases  with  the  relative  humidity  for  all  tips. 
Sources  of  adhesive  force  between  a  tip  and  a  sample  surface  are  van  der  Waals 
attraction  and  meniscus  formation  [6,  11,  18].  The  relative  magnitudes  of  the 
forces  from  these  two  sources  are  dependent  upon  various  factors,  including  the 
distance  between  the  tip  and  the  sample  surface,  their  surface  roughness,  their 
hydrophobicity,  and  the  relative  humidity  [114].  For  most  rough  surfaces,  the 
meniscus  contribution  dominates  at  moderate  to  high  humidities,  due  to  capillary 
condensation  of  water  vapor  from  the  environment.  If  enough  liquid  is  present  to 
form  a  meniscus  bridge,  the  meniscus  force  should  increase  with  increasing  tip 
radius  (proportional  to  the  tip  radius  for  a  spherical  tip).  In  addition,  an  increase  in 
tip  radius  results  in  increased  contact  area,  leading  to  higher  values  of  the  van  der 
Waals  forces.  However,  if  nanoasperities  on  the  tip  and  sample  are  considered,  then 
the  number  of  contacting  and  near-contacting  asperities  forming  meniscus  bridges 
increases  with  increasing  humidity,  leading  to  an  increase  in  the  meniscus  forces. 
These  explain  the  trends  observed  in  Fig.  12.32.  From  the  data,  the  tip  radius  has 
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little  effect  on  the  adhesive  forces  at  low  humidities  but  increases  with  tip  radius  at 
high  humidity.  The  adhesive  force  also  increases  with  increasing  humidity  for  all 
tips.  This  observation  suggests  that  the  thickness  of  the  liquid  film  at  low  humidity 
is  insufficient  to  form  continuous  meniscus  bridges  to  affect  the  adhesive  forces  in 
the  case  of  all  tips. 

Figure  12.32  also  shows  the  variation  in  the  coefficient  of  friction  as  a  function 
of  tip  radius  at  a  given  humidity,  and  as  a  function  of  relative  humidity  for  a  given 
tip  radius  for  Si(100).  It  can  be  observed  that  for  0%  relative  humidity  (RH),  the 
coefficient  of  friction  is  about  the  same  for  all  the  tip  radii  except  the  largest  one, 
which  shows  a  higher  value.  At  all  other  humidities,  the  trend  consistently  shows 
that  the  coefficient  of  friction  increases  with  tip  radius.  An  increase  in  friction  with 
tip  radius  at  low  to  moderate  humidities  arises  from  increased  contact  area  (higher 
van  der  Waals  forces)  and  the  higher  values  of  the  shear  forces  required  for  the 
larger  contact  area.  At  high  humidities,  similar  to  the  adhesive  force  data,  an 
increase  with  tip  radius  occurs  because  of  both  contact  area  and  meniscus  effects. 
Although  AFM/FFM  measurements  are  able  to  measure  the  combined  effect  of 
the  contribution  of  van  der  Waals  and  meniscus  forces  towards  friction  force  or 
adhesive  force,  it  is  difficult  to  measure  their  individual  contributions  separately. 
It  can  be  seen  that,  for  all  tips,  the  coefficient  of  friction  increases  with  humidity 
up  to  about  ambient,  beyond  which  it  starts  to  decrease.  The  initial  increase  in 
the  coefficient  of  friction  with  humidity  arises  from  the  fact  that  the  thickness  of 
the  water  film  increases  with  increasing  humidity,  which  results  in  a  larger  number 
of  nanoasperities  forming  meniscus  bridges  and  higher  friction  (larger  shear  force). 
The  same  trend  is  expected  for  microtips  beyond  65%  RH.  This  is  attributed  to 
the  fact  that,  at  higher  humidity,  the  adsorbed  water  film  on  the  surface  acts  as 
a  lubricant  between  the  two  surfaces.  Thus  the  interface  is  changed  at  higher 
humidities,  resulting  in  lower  shear  strength  and  hence  lower  friction  force  and 
coefficient  of  friction. 


Adhesion  and  Friction  Force  Expressions  for  a  Single- Asperity  Contact 

We  now  obtain  the  expressions  for  the  adhesive  force  and  coefficient  of  friction 
for  a  single -asperity  contact  with  a  meniscus  formed  at  the  interface  (Fig.  12.33). 
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Fig.  12.33    Meniscus 
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For  a  spherical  asperity  of  radius  R  in  contact  with  a  flat,  smooth  surface  with 
composite  modulus  of  elasticity  E  and  in  the  presence  of  a  liquid  with  a  concave 
meniscus,  the  attractive  meniscus  force  (adhesive  force),  designated  as  Fm  or  Wad, 
is  given  by  [7,  11] 

W.dd  =  2nRy(cos  0t  +  cos  02),  (12.11) 

where  y  is  the  surface  tension  of  the  liquid  and  6X  and  02  are  the  contact  angles  of  the 
liquid  with  surfaces  1  and  2,  respectively.  For  an  elastic  contact  for  both  extrinsic 
(W)  and  intrinsic  (Wad)  normal  load,  the  friction  force  is  given  by 

where  W  is  the  external  load  and  t  is  the  average  shear  strength  of  the  contacts. 
(Surface  energy  effects  are  not  considered  here.)  Note  that  adhesive  force  increases 
linearly  with  increasing  tip  radius,  and  the  friction  force  increases  with  tip  radius  as 
R  and  with  normal  load  as  (W  +  W^d)  .  Experimental  data  in  support  of  the 
W  dependence  on  the  friction  force  can  be  found  in  various  references  [115].  The 
coefficient  of  friction  /,(e  is  obtained  from  (12.12)  as 

F-  f3R^  1 

m(  —  \ r.  (12.13) 


re      (W  +  Wad)  \4E*J  {w  +  w^ 

In  the  plastic  contact  regime  [7],  the  coefficient  of  friction  fip  is  obtained  as 

u„=- p- -  =  — ,  (12.14) 

where  Hs  is  the  hardness  of  the  softer  material.  Note  that,  in  the  plastic  contact 
regime,  the  coefficient  of  friction  is  independent  of  the  external  load,  adhesive 
contributions,  and  surface  geometry. 

For  comparison,  for  multiple-asperity  contacts  in  the  elastic  contact  regime,  the 
total  adhesive  force  W^  is  the  summation  of  the  adhesive  forces  at  n  individual 
contacts, 

n 

Wad  =  ^(Wad)i  (12.15) 

and 

3.2t 


E* 
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where  erp  and  Rp  are  the  standard  deviation  of  the  summit  heights  and  the  average 
summit  radius,  respectively.  Note  that  the  coefficient  of  friction  depends  upon  the 
surface  roughness.  In  the  plastic  contact  regime,  the  expression  for  /ip  in  (12.14) 
does  not  change. 

The  sources  of  the  adhesive  force  in  a  wet  contact  in  AFM  experiments  per- 
formed in  an  ambient  environment  include  mainly  attractive  meniscus  force  due  to 
capillary  condensation  of  water  vapor  from  the  environment.  The  meniscus  force 
for  a  single  contact  increases  with  an  increase  in  tip  radius.  A  sharp  AFM  tip  in 
contact  with  a  smooth  surface  at  low  loads  (on  the  order  of  a  few  nN)  for  most 
materials  can  be  simulated  as  a  single-asperity  contact.  At  higher  loads,  for  rough 
and  soft  surfaces,  multiple  contacts  would  occur.  Furthermore,  at  low  loads  (nN 
range)  for  most  materials  the  local  deformation  would  be  primarily  elastic.  Assum- 
ing that  the  shear  strength  of  contacts  does  not  change,  the  adhesive  force  for 
smooth  and  hard  surfaces  at  low  normal  load  (on  the  order  of  a  few  nN)  (for 
a  single-asperity  contact  in  the  elastic  contact  regime)  would  increase  with  increas- 
ing tip  radius,  and  the  coefficient  of  friction  would  decrease  with  increasing  total 
normal  load  as  (W  +  Wad)_1/3  and  would  increase  with  increasing  tip  radius  as  R2/3. 
In  this  case,  the  Amontons  law  of  friction,  which  states  that  the  coefficient  of 
friction  is  independent  of  normal  load  and  independent  of  apparent  area  of  contact, 
does  not  hold.  For  a  single-asperity  plastic  contact  and  multiple-asperity  plastic 
contacts,  neither  the  normal  load  nor  the  tip  radius  comes  into  play  in  the  calcu- 
lation of  the  coefficient  of  friction.  In  the  case  of  multiple-asperity  contacts,  the 
number  of  contacts  increases  with  increasing  normal  load;  therefore  the  adhesive 
force  increases  with  increasing  load. 

In  the  data  presented  earlier  in  this  section,  the  effect  of  tip  radius  and  humidity 
on  the  adhesive  forces  and  coefficient  of  friction  is  investigated  for  experiments 
with  Si(100)  surface  at  loads  in  the  range  10-100  nN.  The  multiple-asperity 
elastic-contact  regime  is  relevant  for  this  study  involving  large  tip  radii.  An 
increase  in  humidity  generally  results  in  an  increase  in  the  number  of  meniscus 
bridges,  which  would  increase  the  adhesive  force.  As  suggested  earlier,  this 
increase  in  humidity  may  also  decrease  the  shear  strength  of  contacts.  A  combi- 
nation of  an  increase  in  adhesive  force  and  a  decrease  in  shear  strength  would 
affect  the  coefficient  of  friction.  An  increase  in  tip  radius  would  increase  the 
meniscus  force  (adhesive  force).  A  substantial  increase  in  the  tip  radius  may  also 
increase  the  interatomic  forces.  These  effects  influence  the  coefficient  of  friction 
with  increasing  tip  radius. 


12.2.8    Separation  Distance  Dependence  of  Meniscus 
and  van  der  Waals  Forces 

When  two  surfaces  are  in  close  proximity,  sources  of  adhesive  forces  are  weak 
van  der  Waals  attraction  and  meniscus  formation.  The  relative  magnitudes  of  the 
forces  from  these  two  sources  are  dependent  upon  various  factors,  including  the 
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interplanar  separation,  their  surface  roughness,  their  hydrophobicity,  and  the  rela- 
tive humidity  (liquid  volume)  [114].  The  meniscus  contribution  dominates  at 
moderate  to  high  humidities,  whereas  van  der  Waals  forces  dominate  at  asperities 
a  few  nm  apart.  In  some  micro/nanocomponents,  it  is  important  to  know  the  relative 
contribution  of  these  two  sources  as  a  function  of  interplanar  separation  in  order 
to  design  an  interface  for  low  adhesion.  For  example,  if  two  ultrasmooth  surfaces 
come  into  close  proximity,  with  an  interplanar  separation  on  the  order  of  1  nm,  van  der 
Waals  forces  may  dominate,  and  their  magnitude  may  be  reduced  by  creating  bumps 
on  one  of  the  interfaces.  This  analysis  is  also  of  interest  in  AFM  studies  to  understand 
the  distance  dependence  of  adhesive  forces  as  the  tip  goes  in  and  out  of  contact. 

Stifter  et  al.  [114]  modeled  the  contact  of  a  parabolic-shaped  tip  and  a  flat, 
smooth  sample  surface.  The  tip  may  represent  a  surface  asperity  on  an  interface  or 
an  AFM  tip  in  an  AFM  experiment.  They  calculated  van  der  Waals  and  meniscus 
forces  as  a  function  of  various  parameters,  namely  tip  geometry,  tip-sample  starting 
distance,  relative  humidity,  surface  tension,  and  contact  angle.  They  compared  the 
meniscus  forces  with  van  der  Waals  forces  to  understand  their  relative  importance 
under  various  operating  conditions. 

The  interaction  force  between  the  tip  and  sample  under  dry  conditions  is  the 
Lennard-Jones  force  derived  from  the  Lennard-Jones  potential.  The  Lennard- 
Jones  potential  is  composed  of  two  interactions  -  the  van  der  Waals  attraction  and 
Pauli  repulsion,  van  der  Waals  forces  are  significant  because  they  are  always 
present.  For  a  parabolic  tip  above  a  half-plane  with  a  separation  D  between  the 
tip  and  plane,  the  Lennard-Jones  potential  is  obtained  by  integrating  the  atomic 
potential  over  the  volume  of  the  tip  and  sample.  It  is  given  as  [114] 

c  (    A  B     \ 

where  c  is  the  width  of  the  parabolic  tip  (=  the  diameter  in  the  case  of  a  spherical 
tip),  and  A  and  B  are  two  potential  parameters,  where  A  is  Hamaker  constant. 
Equation  (12.16)  provides  expressions  for  attractive  and  repulsive  parts.  The  calcu- 
lations were  made  for  Lennard-Jones  force  (total)  and  van  der  Waals  force  (attrac- 
tive part)  for  two  Hamaker  constants:  0.04  x  10-19  J  (representative  of  polymers) 
and  3.0  x  10_1  J  (representative  of  ceramics),  and  meniscus  force  for  a  water  film 
()Y  =  72.5  N/m).  Figure  12.34  shows  various  forces  as  a  function  of  separation 
distance.  The  effect  of  two  relative  humidities  and  three  tip  radii,  which  affect 
meniscus  forces,  was  also  studied.  The  two  dashed  curves  indicate  the  spread  of 
possible  van  der  Waals  forces  for  the  two  Hamaker  constants.  The  figure  shows 
that  meniscus  forces  exhibit  weaker  distance  dependence.  The  meniscus  forces 
can  be  stronger  or  weaker  than  the  van  der  Waals  forces  for  distances  smaller 
than  s=s  0.5  nm.  For  longer  distances,  the  meniscus  forces  are  stronger  than  the 
van  der  Waals  forces,  van  der  Waals  forces  must  be  considered  for  a  tip-sample 
distance  up  to  a  few  nm  (D  <  5  nm).  The  meniscus  forces  operate  up  to  breakage  of 
the  meniscus  in  the  range  from  5  to  20  nm  [114]. 
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Fig.  12.34   Relative 
contribution  of  meniscus, 
van  der  Waals,  and 
Lennard-Jones  forces  (F) 
as  a  function  of  separation 
distance  (D)  and  at  (a)  two 
values  of  relative  humidity 
iplfo)  for  tip  radius  of  20  nm 
and  Hamaker  constants 
of  0.04  x  10" 19  and 
3.0  x  10~19  J,  and  (b)  three 
tip  radii  (R)  and  Hamaker 
constant  of  3.0  x  10~19  J 
(after  [114]) 


a    F(nN) 
04 


12.2.9    Scale  Dependence  in  Friction 


Table  12.3  presents  adhesive  force  and  coefficient  of  friction  data  obtained  on 
the  nanoscale  and  microscale  [38,  98,  116,  117].  Adhesive  force  and  coefficient 
of  friction  values  on  the  nanoscale  are  about  half  to  one  order  of  magnitude 
lower  than  that  on  the  microscale.  Scale  dependence  is  clearly  observed  in  this 
data.  As  a  further  evidence  of  scale  dependence,  Table  12.4  shows  the  coeffi- 
cient of  friction  measured  for  Si(100),  HOPG,  natural  diamond,  and  DLC  on  the 
nanoscale  and  microscale.  It  is  clearly  observed  that  friction  values  are  scale 
dependent. 

To  estimate  the  scale  length,  the  apparent  contact  radius  at  test  loads  was 
calculated  and  is  presented  in  the  table.  Mean  apparent  pressures  are  also  calculated 
and  presented.  For  nanoscale  AFM  experiments,  it  is  assumed  that  an  AFM  tip 
coming  into  contact  with  a  flat  surface  represents  a  single-asperity  elastic  contact, 
and  Hertz  analysis  was  used  for  the  calculations.  In  the  microscale  experiments, 
a  ball  coming  into  contact  with  a  flat  surface  represents  multiple-asperity  contacts 
due  to  the  roughness,  and  the  contact  pressure  of  the  asperity  contacts  is  higher 
than  the  apparent  pressure.  For  the  calculation  of  a  characteristic  scale  length  for 
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Table  12.3    Micro-  and  nanoscale  values  of  adhesive  force  and  coefficient  of  friction  in  micro- 
and  nanoscale  measurements  (after  [116]) 


Sample 

Adhesive  force 

Coefficient  of  friction 

Microscale" 

(uN) 

Nanoscale 

(nN) 

Microscale" 

Nanoscale 

Si(100) 

685 

52 

0.47 

0.06 

DLC 

325 

44 

0.19 

0.03 

Z-DOL 

315 

35 

0.23 

0.04 

HDT 

180 

14 

0.15 

0.006 

"Versus  500  urn  radius  Si(100)  ball 
bVersus  50  nm  radius  Si3N4  tip 


multiple-asperity  contacts,  which  is  equal  to  the  apparent  length  of  contact,  Hertz 
analysis  was  also  used.  This  analysis  provides  an  upper  limit  on  apparent  radius  and 
lower  limit  on  the  mean  contact  pressure. 

There  are  several  factors  responsible  for  the  differences  in  the  coefficients  of 
friction  at  the  micro-  and  nanoscale.  Among  these  are  the  contributions  from  wear 
and  contaminant  particles,  the  transition  from  elasticity  to  plasticity,  and  the  menis- 
cus effect.  The  contribution  of  wear  and  contaminant  particles  is  more  significant  at 
the  macro/microscale  because  of  the  larger  number  of  trapped  particles,  referred  to 
as  the  third-body  contribution.  It  can  be  argued  that  for  nanoscale  AFM  experiments 
the  asperity  contacts  are  predominantly  elastic  (with  average  real  pressure  being  less 
than  the  hardness  of  the  softer  material),  and  adhesion  is  the  main  contributor  to  the 
friction,  whereas  for  microscale  experiments  the  asperity  contacts  are  predominantly 
plastic,  and  deformation  is  an  important  factor.  It  will  be  shown  later  that  hardness 
has  a  scale  effect;  it  increases  with  decreasing  scale  and  is  responsible  for  less 
deformation  on  a  smaller  scale.  The  meniscus  effect  results  in  an  increase  of  friction 
with  increasing  tip  radius  (Fig.  12.32).  Therefore,  the  third-body  contribution,  the 
scale-dependent  hardness,  and  other  properties  transition  from  elastic  contacts  in 
nanoscale  contacts  to  plastic  deformation  in  microscale  contacts,  and  the  meniscus 
contribution  plays  an  important  role  [118,  125,  126]. 

Friction  is  a  complex  phenomenon,  which  involves  asperity  interactions  involv- 
ing adhesion  and  deformation  (plowing).  Adhesion  and  plastic  deformation  imply 
energy  dissipation,  which  is  responsible  for  friction  (Fig.  12.35)  [6,  11].  A  contact 
between  two  bodies  takes  place  on  high  asperities,  and  the  real  area  of  contact  (Ar) 
is  a  small  fraction  of  the  apparent  area  of  contact.  During  the  contact  of  two 
asperities,  a  lateral  force  may  be  required  for  asperities  of  a  given  slope  to  climb 
against  each  other.  This  mechanism  is  known  as  the  ratchet  mechanism,  and  it  also 
contributes  to  the  friction.  Wear  and  contaminant  particles  present  at  the  interface, 
referred  as  the  third  body,  also  contribute  to  the  friction  (Fig.  12.35).  In  addition, 
during  contact,  even  at  low  humidity,  a  meniscus  is  formed  (Fig.  12.33).  Generally 
any  liquid  that  wets  or  has  a  small  contact  angle  on  surfaces  will  condense  from 
vapor  into  cracks  and  pores  on  surfaces  as  bulk  liquid  and  in  the  form  of  annular- 
shaped  capillary  condensate  in  the  contact  zone.  A  quantitative  theory  of  scale 
effects  in  friction  should  consider  the  effect  of  scale  on  physical  properties  relevant 
to  various  contributions. 
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Fig.  12.35    Schematic  of  Solid-solid  contact 

two-body  and  three-body  dry 
contacts  of  rough  surfaces 


:  - 


&*®&f&Q~\  3 


Two-body  contact  Three-body  contact 

Plowing  during  sliding 


-asr  ^3 


7ZZZZ... 


According  to  the  adhesion  and  deformation  model  of  friction,  the  coefficient  of 
dry  friction  fi  is  the  sum  of  an  adhesion  component  /ia  and  a  deformation  (plowing) 
component  fid.  The  latter,  in  the  presence  of  particles,  is  the  sum  of  an  asperity- 
summit  deformation  component  [ids  and  a  particle-deformation  component  ^dp,  so 
that  the  total  coefficient  of  friction  is  [125] 


A<  =  ft  +  A^ds  +  ftp  = 


Fa  +  ^ds  +  ^dp 

A  WA  A  (12-17) 

AmTa  +^dsTds  +  ^dpTdp 


w 


where  W  is  the  normal  load,  F  is  the  friction  force,  and  Ara,  Ads,  and  Adp  are  the 
real  areas  of  contact  during  adhesion,  two-body  deformation,  and  with  particles, 
respectively;  %  is  the  shear  strength.  The  subscripts  "a",  "ds",  and  "dp"  correspond 
to  adhesion,  summit  deformation,  and  particle  deformation,  respectively. 

The  adhesional  component  of  friction  depends  on  the  real  area  of  contact  and 
adhesion  shear  strength.  The  real  area  of  contact  is  scale  dependent  due  to  the  scale 
dependence  of  the  surface  roughness  (for  elastic  and  plastic  contacts)  and  due  to  the 
scale  dependence  of  hardness  (for  plastic  contacts)  [125].  We  limit  the  analysis  here 
to  multiple-asperity  contacts.  For  this  case,  the  scale  L  is  defined  as  the  apparent 
size  of  the  contact  between  the  two  bodies.  (For  completeness,  for  single-asperity 
contact,  the  scale  is  defined  as  the  contact  diameter.)  It  is  suggested  by  Bhushan 
and  Nosonovsky  [127]  that,  for  many  materials,  dislocation-assisted  sliding  (micro- 
slip)  is  the  main  mechanism  responsible  for  the  shear  strength.  They  considered 
dislocation-assisted  sliding  based  on  the  assumption  that  contributing  dislocations 
are  located  in  a  subsurface  volume.  The  thickness  of  this  volume  is  limited  by  the 
distance  which  dislocations  can  climb  £s  (a  material  parameter)  and  by  the  radius  of 
contact  a.  They  showed  that  Ta  is  scale  dependent.  Based  on  this,  the  adhesional 
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components  of  the  coefficient  of  friction  in  the  case  of  elastic  contact  f.i.de  and  in  the 
case  of  plastic  contact  fi     are  given  by  [127] 


'\/l       if)  ,     L<Lk, 


(12.18) 


•*ap 


^apO 


\ 


i+  = 


v 


L  <  Li. 


(12.19) 


where  fi.de0  and  \i  0  are  the  values  of  the  coefficient  of  friction  at  the  macroscale 
(L  >  L(c),  m  and  n  are  indices  that  characterize  the  scale  dependence  of  surface 
parameters,  oq  is  the  macroscale  value  of  the  mean  contact  radius,  L(c  is  the  long- 
wavelength  limit  for  scale  dependence  of  the  contact  parameters,  £s  and  £&  are 
material-specific  characteristic  length  parameters,  and  Ls  and  Lj  are  length  para- 
meters related  to  4  and  l&.  The  scale  dependence  of  the  adhesional  component 
of  the  coefficient  of  friction  is  presented  in  Fig.  12.36,  based  on  (12.18)  and  (12.19). 
Based  on  the  assumption  that  multiple  asperities  of  two  rough  surfaces  in  contact 
have  a  conical  shape,  the  two-body  deformation  component  of  friction  can  be 
determined  as  [6,  11] 


Elastic 


uu 


Fig.  12.36  Normalized  results  for  the  adhesional  component  of  the  coefficient  of  friction,  as 
a  function  of  L/L&  for  multiple-asperity  contact.  Data  are  presented  for  m  =  0.5,  n  =  0.2. 
For  multiple-asperity  plastic  contact,  data  are  presented  for  two  values  of  La/L&  (after  [125]) 
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Mds 


2tan0r 


(12.20) 


where  0r  is  the  roughness  angle  (or  attack  angle)  of  a  conical  asperity.  Mechanical 
properties  affect  the  real  area  of  contact  and  shear  strength,  and  these  cancel  out  in 
(12.16)  [125].  Based  on  a  statistical  analysis  of  a  random  Gaussian  surface  [125] 


/'ds 


2ffp 


L 

Lie 


f^dsO 


L 

Lie 


L<L(C, 


(12.21) 


where  /ids0  is  the  value  of  the  coefficient  of  the  summit-deformation  component  of 
the  coefficient  of  friction  at  the  macroscale  (L  >  £&)>  and  Co  and  fi*a  are  macro- 
scale  values  of  the  standard  deviation  of  surface  height  and  correlation  length, 
respectively,  for  a  Gaussian  surface.  The  scale  dependence  for  the  two-body 
deformation  component  of  the  coefficient  of  friction  is  presented  in  Fig.  12.37 
(top  curve)  for  m  —  0.5  and  n  =  0.2,  based  on  (12.21).  The  coefficient  of  friction 
increases  with  decreasing  scale,  according  to  (12.21).  This  effect  is  a  consequence 
of  increasing  average  slope  or  roughness  angle. 

For  three-body  deformation,  it  is  assumed  that  wear  and  contaminant  particles 
at  the  borders  of  the  contact  region  are  likely  to  leave  the  contact  region,  while 
the  particles  in  the  center  are  likely  to  stay  (Fig.  12.38).  The  plowing  three-body 
deformation  is  plastic  and,  assuming  that  particles  are  harder  than  the  bodies,  the 
shear  strength  Tdp  is  equal  to  the  shear  yield  strength  of  the  softer  body  iy, 


Fig.  12.37    Normalized 
results  for  the  two-body 
deformation  component  of 
the  coefficient  of  friction,  and 
the  number  of  trapped 
particles  divided  by  the  total 
number  of  particles  and  three- 
body  deformation  component 
of  the  coefficient  of  friction, 
normalized  by  the  macroscale 
value  for  the  log-normal 
distribution  of  debris  size, 
where  a  is  the  probability  of 
a  particle  in  the  border  zone 
leaving  the  contact  region. 
Various  constants  given  in 
the  figure  correspond  to 
the  log-normal  distribution 
(after  [125]) 
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Fig.  12.38    Schematic  of 
debris  in  the  contact  zone  and 
its  border  region.  A  particle  of 
diameter  d  in  the  border 
region  of  d/2  is  likely  to  leave 
the  contact  zone  (after  [125]) 


•       Contact  region 
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and  the  three-body  deformation  component  of  the  coefficient  of  friction  is  given 
by  [126] 


/^dp  —  A'dpO'7tr 


"0 


2£d 
d 


1+t 


(12.22) 


where  d  is  the  mean  particle  diameter,  do  is  the  macroscale  value  of  the  mean 
particle  diameter,  ntI  is  the  number  of  trapped  particles  divided  by  the  total  number 
of  particles,  and  /j.dp0  is  the  macroscale  (L  — >  oo,  ntr  — ►  1)  value  of  the  third-body 
deformation  component  of  the  coefficient  of  friction.  The  scale  dependence  of  fid  is 
shown  in  Fig.  12.37  (bottom  curve)  based  on  (12.22).  Based  on  scale  effect 
predictions  presented  in  Figs.  12.36  and  12.37,  the  trends  in  the  experimental  results 
presented  in  Table  12.3  can  be  explained. 

The  scale  dependence  of  meniscus  effects  in  friction,  wear,  and  interface  tem- 
perature can  be  analyzed  in  a  similar  way  [126]. 

To  demonstrate  the  load  dependence  of  friction  at  the  nano/microscale,  the 
coefficient  of  friction  as  a  function  of  normal  load  is  presented  in  Fig.  12.39.  The 
coefficient  of  friction  was  measured  by  Bhushan  and  Kulkarni  [42]  for  a  Si3N4  tip 
versus  Si,  SiC>2,  and  natural  diamond  using  an  AFM.  They  reported  that,  for  low 
loads,  the  coefficient  of  friction  is  independent  of  load  and  then  increases  with 
increasing  load  after  a  certain  load.  It  is  noted  that  the  critical  load  values  for  Si  and 
SiC>2  correspond  to  stresses  equal  to  their  hardness  values,  which  suggests  that  the 
transition  to  plasticity  plays  a  role  in  this  effect.  The  friction  values  at  higher  loads 
for  Si  and  SiC>2  approach  the  macroscale  values. 
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Fig.  12.39    Coefficient  of 
friction  as  a  function  of 
normal  load  for  Si(l  1 1),  Si02 
coating,  and  natural  diamond. 
Inflections  in  the  curves  for 
silicon  and  Si02  correspond 
to  contact  stresses  equal  to  the 
hardnesses  of  these  materials 
(after  [42]) 
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12.3     Wear,  Scratching,  Local  Deformation, 
and  Fabrication/Machining 

12.3.1     Nanoscale  Wear 

Bhushan  and  Ruan  [37]  conducted  nanoscale  wear  tests  on  polymeric  magnetic  tapes 
using  conventional  silicon  nitride  tips  at  two  different  loads  of  10  and  100  nN 
(Fig.  12.40).  For  a  low  normal  load  of  10  nN,  measurements  were  made  twice. 
There  was  no  discernible  difference  between  consecutive  measurements  for  this 
load.  However,  as  the  load  was  increased  from  10  to  100  nN,  topographical  changes 
were  observed  during  subsequent  scanning  at  normal  load  of  10  nN;  material  was 
pushed  in  the  sliding  direction  of  the  AFM  tip  relative  to  the  sample.  The  material 
movement  is  believed  to  occur  as  a  result  of  plastic  deformation  of  the  tape  surface. 
Thus,  deformation  and  movement  of  the  soft  materials  on  a  nanoscale  can  be  observed. 


12.3.2    Microscale  Scratching 


The  AFM  can  be  used  to  investigate  how  surface  materials  can  be  moved  or  removed 
on  micro-  to  nanoscales,  for  example,  in  scratching  and  wear  [5,  29]  (where  these 
things  are  undesirable)  and  nanofabrication/nanomachining  (where  they  are  desir- 
able). Figure  12.41a  shows  microscratches  made  on  Si(lll)  at  various  loads  with 
a  scanning  velocity  of  2  um/s  after  ten  cycles  [41].  As  expected,  the  scratch 
depth  increases  linearly  with  load.  Such  microscratching  measurements  can  be 
used  to  study  failure  mechanisms  on  the  microscale  and  to  evaluate  the  mechanical 
integrity  (scratch  resistance)  of  ultrathin  films  at  low  loads. 
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Fig.  12.40    Surface 
roughness  maps  of 
a  polymeric  magnetic  tape 
at  applied  normal  loads  of 
10  and  100  nN.  Location 
of  the  change  in  surface 
topography  as  a  result  of 
nanowear  is  indicated 
by  arrows  (after  [37]) 


To  study  the  effect  of  scanning  velocity,  unidirectional  scratches  5  urn  in  length 
were  generated  at  scanning  velocities  ranging  from  1  to  100  um/s  at  various  normal 
loads  ranging  from  40  to  140  |iN.  No  effect  of  scanning  velocity  was  observed  for 
a  given  normal  load.  For  representative  scratch  profiles  at  80  uN  (Fig.  12.41b).  This 
may  be  because  of  a  small  effect  of  frictional  heating  with  the  change  in  scanning 
velocity  used  here.  Furthermore,  for  a  small  change  in  interface  temperature,  there 
is  a  large  underlying  volume  to  dissipate  the  heat  generated  during  scratching. 

Scratching  can  be  performed  under  ramped  loading  to  determine  the  scratch 
resistance  of  materials  and  coatings.  The  coefficient  of  friction  is  measured  during 
scratching,  and  the  load  at  which  the  coefficient  of  friction  increases  rapidly  is 
known  as  the  critical  load,  which  is  a  measure  of  scratch  resistance.  In  addition, 
postscratch  imaging  can  be  performed  in  situ  with  the  AFM  in  tapping  mode 
to  study  failure  mechanisms.  Figure  12.42  shows  data  from  a  scratch  test  on  Si(100) 
with  scratch  length  of  25  urn  and  scratching  velocity  of  0.5  um/s.  At  the  beginning 
of  the  scratch,  the  coefficient  of  friction  is  0.04,  a  typical  value  for  silicon.  At 
about  35  uN  (indicated  by  the  arrow  in  the  figure),  there  is  a  sharp  increase  in  the 
coefficient  of  friction,  which  indicates  the  critical  load.  Beyond  the  critical  load,  the 
coefficient  of  friction  continues  to  increase  steadily.  In  the  postscratch  image,  we 
note  that,  at  the  critical  load,  a  clear  groove  starts  to  form.  This  implies  that  Si(100) 
was  damaged  by  plowing  at  the  critical  load,  associated  with  plastic  flow  of  the 
material.  At  and  after  the  critical  load,  small  and  uniform  debris  is  observed,  and 
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Fig.  12.41    Surface  plots  of 

(a)  Si(  1 1 1 )  scratched  for  ten 
cycles  at  various  loads  and 
scanning  velocity  of  2  um/s. 
Note  that  x-  and  y-axes  are  in 
urn  and  z-axis  is  in  ran,  and 

(b)  Si(100)  scratched  in  one 
unidirectional  scan  cycle  at 
normal  force  of  80  uN  and 
different  scanning  velocities 
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Fig.  12.42  (a)  Applied  normal  load  and  friction  signal  measured  during  a  microscratch  experi- 
ment on  Si(100)  as  a  function  of  scratch  distance,  and  (b)  friction  data  plotted  in  the  form  of  the 
coefficient  of  friction  as  a  function  of  normal  load,  (c)  AFM  surface  height  image  of  a  scratch 
obtained  in  tapping  mode  (after  [59]) 


66 


B.  Bhushan 


the  amount  of  debris  increases  with  increasing  normal  load.  Sundararajan  and 
Bhushan  [59]  have  also  used  this  technique  to  measure  the  scratch  resistance  of 
diamond-like  carbon  coatings  with  thickness  of  3.5-20  nm. 


12.3.3    Microscale  Wear 

By  scanning  the  sample  in  two  dimensions  with  the  AFM,  wear  scars  are  generated 
on  the  surface.  Figure  12.43  shows  the  effect  of  normal  load  on  wear  depth  on 
Si(100).  We  note  that  wear  depth  is  very  small  for  normal  load  <  20  uN  [128,  129]. 
A  normal  load  of  20  uN  corresponds  to  contact  stresses  comparable  to  the  hardness 
of  silicon.  Primarily,  elastic  deformation  at  loads  below  20  uN  is  responsible  for  the 
low  wear  [42]. 

A  typical  wear  mark  of  size  2  um  x  2  urn  generated  at  normal  load  of  40  u.N  for 
one  scan  cycle  and  imaged  using  AFM  with  scan  size  4  urn  x  4  urn  at  300  nN  load 
is  shown  in  Fig.  12.44a  [128].  The  inverted  map  of  wear  marks  shown  in 
Fig.  12.44b  indicates  uniform  material  removal  at  the  bottom  of  the  wear  mark. 
An  AFM  image  of  the  wear  mark  shows  debris  at  the  edges,  probably  swiped 
during  AFM  scanning.  This  indicates  that  the  debris  is  loose  (not  sticky)  and  can  be 
removed  during  AFM  scanning. 

Next  we  examined  the  mechanism  of  material  removal  on  the  microscale  in 
AFM  wear  experiments  [43,  128,  129].  Figure  12.45  shows  a  secondary-electron 
image  of  the  wear  mark  and  associated  wear  particles.  The  specimen  used  for  the 
scanning  electron  microscope  (SEM)  was  not  scanned  with  the  AFM  after  initial 
wear,  in  order  to  retain  wear  debris  in  the  wear  region.  Wear  debris  is  clearly 
observed.  In  the  SEM  micrographs,  the  wear  debris  appears  to  be  agglomerated 
because  of  the  high  surface  energy  of  the  fine  particles.  Particles  appear  to  be  a 
mixture  of  rounded  and  so-called  cutting  type  (feather-like  or  ribbon-like  material). 
Zhao  and  Bhushan  [129]  reported  an  increase  in  the  number  and  size  of  cutting-type 
particles  with  increasing  normal  load.  The  presence  of  cutting-type  particles  indi- 
cates that  the  material  is  removed  primarily  by  plastic  deformation. 


Fig.  12.43    Wear  depth  as  a 
function  of  normal  load  for 
Si(100)  after  one  cycle 
(after  [129]) 
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Fig.  12.44    (a)  Typical  gray- 
scale and  (b)  inverted  AFM 
images  of  a  wear  mark 
created  using  a  diamond  tip  at 
normal  load  of  40  uN  and  one 
scan  cycle  on  Si(100)  surface 
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Fig.  12.45    Secondary- 
electron  image  of  the  wear 
mark  and  debris  for  Si(100) 
produced  at  normal  load  of 
40  uN  and  one  scan  cycle 


To  better  understand  the  material  removal  mechanisms,  Zhao  and  Bhushan  [129] 
used  transmission  electron  microscopy  (TEM).  The  TEM  micrograph  of  the  worn 
region  and  associated  diffraction  pattern  are  shown  in  Fig.  12.46a,b.  The  bend 
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Fig.  12.46  Bright-field  TEM  micrographs  (a)  and  diffraction  patterns  (b),  of  the  wear  mark  (a,  b) 
and  wear  debris  (c,  d)  on  Si(100)  produced  at  normal  load  of  40  uN  and  one  scan  cycle.  Bend 
contours  around  and  inside  wear  mark  are  observed 


contours  are  observed  to  pass  through  the  wear  mark  in  the  micrograph.  The  bend 
contours  around  and  inside  the  wear  mark  are  indicative  of  a  strain  field,  which  in 
the  absence  of  applied  stresses  can  be  interpreted  as  plastic  deformation  and/or 
elastic  residual  stresses.  Often,  localized  plastic  deformation  during  loading  would 
lead  to  residual  stresses  during  unloading;  therefore,  bend  contours  reflect  a  mix  of 
elastic  and  plastic  strains.  The  wear  debris  is  observed  outside  the  wear  mark.  The 
enlarged  view  of  the  wear  debris  in  Fig.  12.46c  shows  that  much  of  the  debris  is 
ribbon-like,  indicating  that  material  is  removed  by  a  cutting  process  via  plastic 
deformation,  which  is  consistent  with  the  SEM  observations.  The  diffraction 
pattern  from  inside  the  wear  mark  is  similar  to  that  of  virgin  silicon,  showing  no 
evidence  of  any  phase  transformation  (amorphization)  during  wear.  A  selected-area 
diffraction  pattern  of  the  wear  debris  shows  some  diffuse  rings,  which  indicates  the 
existence  of  amorphous  material  in  the  wear  debris,  confirmed  as  silicon  oxide 
products  from  chemical  analysis.  It  is  known  that  plastic  deformation  occurs  by 
generation  and  propagation  of  dislocations.  No  dislocation  activity  or  cracking 
was  observed  at  40  uN.  However,  dislocation  arrays  could  be  observed  at  80  uN. 
Figure  12.47  shows  TEM  micrographs  of  the  worn  region  at  80  uN;  for  better 
observation  of  the  worn  surface,  wear  debris  was  moved  out  of  the  wear  mark  by 
using  AFM  with  a  large-area  scan  at  300  nN  after  the  wear  test.  The  existence 
of  dislocation  arrays  confirms  that  material  removal  occurs  by  plastic  deformation. 
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Fig.  12.47    (a)  Bright-field 
and  (b)  weak-beam  TEM 
micrographs  of  a  wear  mark 
produced  in  Si(100)  at  normal 
load  of  80  uN  and  one  scan 
cycle,  showing  bend  contours 
and  dislocations  (after  [129]) 
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This  corroborates  the  observations  made  in  scratch  tests  at  ramped  load  in  the 
previous  section.  It  is  concluded  that  the  material  on  the  microscale  at  high  loads  is 
removed  by  plastic  deformation  with  a  small  contribution  from  elastic  fracture  [129]. 

To  understand  wear  mechanisms,  evolution  of  wear  can  be  studied  using  AFM. 
Figure  12.48  shows  the  evolution  of  wear  marks  of  a  DLC-coated  disk  sample.  The 
data  illustrate  how  the  microwear  profile  for  a  load  of  20  uN  develops  as  a  function 
of  the  number  of  scanning  cycles  [41].  Wear  is  not  uniform,  but  is  initiated  at  the 
nanoscratches.  Surface  defects  (with  high  surface  energy)  present  at  the  nano- 
scratches  act  as  initiation  sites  for  wear.  Coating  deposition  also  may  not  be  uniform 
on  and  near  nanoscratches,  which  may  lead  to  coating  delamination.  Thus,  scratch- 
free  surfaces  will  be  relatively  resistant  to  wear. 

Wear  precursors  (precursors  to  measurable  wear)  can  be  studied  by  making 
surface  potential  measurements  [79-81].  The  contact  potential  difference,  or  sim- 
ply the  surface  potential  between  two  surfaces,  depends  on  a  variety  of  parameters 
such  as  the  electronic  work  function,  adsorption,  and  oxide  layers.  The  surface 
potential  map  of  an  interface  gives  a  measure  of  changes  in  the  work  function, 
which  is  sensitive  to  both  physical  and  chemical  conditions  of  the  surfaces  includ- 
ing structural  and  chemical  changes.  Before  material  is  actually  removed  in  a  wear 
process,  the  surface  experiences  stresses  that  result  in  surface  and  subsurface 
changes  of  structure  and/or  chemistry.  These  can  cause  changes  in  the  measured 
potential  of  a  surface.  An  AFM  tip  allows  mapping  of  surface  potential  with 
nanoscale  resolution.  Surface  height  and  change  in  surface  potential  maps  of  a 
polished  single-crystal  aluminum  (100)  sample,  abraded  using  a  diamond  tip  at 
loads  of  1  and  9  (J.N,  are  shown  in  Fig.  12.49a.  (Note  that  the  sign  of  the  change  in 
surface  potential  is  reversed  here  from  that  in  [79].)  It  is  evident  that  both  abraded 
regions  show  a  large  potential  contrast  («  0.17  V)  with  respect  to  the  nonabraded 
area.  The  black  region  in  the  lower  right-hand  part  of  the  topography  scan  shows  a 
step  that  was  created  during  the  polishing  phase.  There  is  no  potential  contrast 
between  the  high  and  low  region  of  the  sample,  indicating  that  the  technique  is 
independent  of  surface  height.  Figure  12.49b  shows  a  close-up  scan  of  the  upper 
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Fig.  12.48    Surface  plots  of  a 
diamond-like-carbon-coated 
thin-film  disk  showing  the 
worn  region;  the  normal  load 
and  number  of  test  cycles  are 
indicated  (after  [41]) 
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Fig.  12.49  (a)  Surface  height  and  change  in  surface  potential  maps  of  wear  regions  generated  at 
1  u.N  (a)  and  9  u.N  (b)  on  a  single-crystal  aluminum  sample  showing  bright  contrast  in  the  surface 
potential  map  on  the  worn  regions,  (b)  Close-up  of  the  upper  (low-load)  wear  region  (after  [79]) 


(low-load)  wear  region  in  Fig.  12.49a.  Notice  that,  while  there  is  no  detectable 
change  in  the  surface  topography,  there  is  nonetheless  a  large  change  in  the 
potential  of  the  surface  in  the  worn  region.  Indeed,  the  wear  mark  of  Fig.  12.49b 
might  not  be  visible  at  all  in  the  topography  map  were  it  not  for  the  noted  absence  of 
wear  debris  generated  nearby  and  then  swept  off  during  the  low-load  scan.  Thus, 
even  in  the  case  of  zero  wear  (no  measurable  deformation  of  the  surface  using 
AFM),  there  can  be  a  significant  change  in  the  surface  potential  inside  the  wear 
mark,  which  is  useful  for  the  study  of  wear  precursors.  It  is  believed  that  the 
removal  of  the  thin  contaminant  layer  including  the  natural  oxide  layer  gives  rise 
to  the  initial  change  in  surface  potential.  The  structural  changes  that  precede  gene- 
ration of  wear  debris  and/or  measurable  wear  scars  occur  under  ultralow  loads  in 
the  top  few  nanometers  of  the  sample,  and  are  primarily  responsible  for  the  sub- 
sequent changes  in  surface  potential. 
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12.3.4    In  Situ  Characterization  of  Local  Deformation 

In  situ  surface  characterization  of  local  deformation  of  materials  and  thin  films  is 
carried  out  using  a  tensile  stage  inside  an  AFM.  Failure  mechanisms  of  coated 
polymeric  thin  films  under  tensile  load  were  studied  by  Bobji  and  Bhushan  [73, 74]. 
The  specimens  were  strained  at  a  rate  of  4  x  10_3%  per  s,  and  AFM  images  were 
captured  at  different  strains  up  to  ss  10%  to  monitor  the  generation  and  propagation 
of  cracks  and  deformation  bands. 

Bobji  and  Bhushan  [73,  74]  studied  three  magnetic  tapes  of  thickness  ranging 
from  7  to  8.5  urn.  One  of  these  had  an  acicular-shaped  metal  particle  (MP)  coating 
and  the  other  two  had  metal-evaporated  (ME)  coating  with  and  without  a  thin 
diamond-like  carbon  (DLC)  overcoat  on  a  polymeric  substrate,  all  of  which  had 
a  particulate  back-coating  [15].  They  also  studied  the  polyethylene  terephthalate 
(PET)  substrate  with  6  urn  thickness.  They  reported  that  cracking  of  the  coatings 
started  at  ss  1%  strain  for  all  tapes,  much  before  the  substrate  started  to  yield 
at  «  2%  strain.  Figure   12.50  shows  topographical  images  of  the  MP  tape  at 


Fig.  12.50   Topographical  images  of  MP  magnetic  tape  at  different  strains  (after  [73]) 
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different  strains.  At  0.83%  strain,  a  crack  can  be  seen,  originating  at  the  marked 
point.  As  the  tape  is  stretched  further  along  this  direction,  as  shown  in  Fig.  12.50, 
the  crack  propagates  along  the  shorter  boundary  of  the  ellipsoidal  particle.  How- 
ever, the  general  direction  of  the  crack  propagation  remains  perpendicular  to  the 
direction  of  stretching.  The  length,  width,  and  depth  of  the  cracks  increase  with 
strain,  and  at  the  same  time  newer  cracks  keep  nucleating  and  propagate  with 
reduced  crack  spacing.  At  3.75%  strain,  another  crack  can  be  seen  nucleating. 
This  crack  continues  to  grow  parallel  to  the  first  one.  When  the  tape  is  unloaded 
after  stretching  up  to  a  strain  of  s=s  2%,  i.e.,  within  the  elastic  limit  of  the  substrate, 
the  cracks  close  perfectly,  and  it  is  impossible  to  determine  the  difference  from  the 
unstrained  tape. 

Figure  12.51  shows  topographical  images  of  the  three  magnetic  tapes  and  the 
PET  substrate  after  being  strained  to  3.75%,  which  is  well  beyond  the  elastic  limit  of 
the  substrate.  The  MP  tape  develops  numerous  short  cracks  perpendicular  to  the 
direction  of  loading.  In  tapes  with  metallic  coating,  the  cracks  extend  throughout  the 
tape  width.  In  the  ME  tape  with  the  DLC  coating,  there  is  a  bulge  in  the  coating 
around  the  primary  cracks  that  are  initiated  when  the  substrate  is  still  elastic,  like 
crack  A  in  the  figure.  The  white  band  on  the  right-hand  side  of  the  figure  is  the  bulge 
of  another  crack.  Secondary  cracks,  such  as  B  and  C,  are  generated  at  higher  strains 
and  are  straighter  compared  with  the  primary  cracks.  In  ME  tape  with  a  Co-0  film  on 
a  PET  substrate,  with  a  thickness  ratio  of  0.03,  both  with  and  without  DLC  coating, 
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Fig.  12.51    Comparison  of  crack  morphologies  at  3.75%  strain  in  three  magnetic  tapes  and  PET 
substrate.  Cracks  B  and  C,  nucleated  at  higher  strains,  are  more  linear  than  crack  A  (after  [74]) 
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no  difference  is  observed  in  the  rate  of  growth  between  primary  and  secondary 
cracks.  Failure  is  cohesive  with  no  bulging  of  the  coating.  This  seems  to  suggest  that 
the  DLC  coating  has  residual  stresses  that  relax  when  the  coating  cracks,  causing 
delamination.  Since  the  stresses  are  already  relaxed,  the  secondary  crack  does  not 
result  in  delamination.  The  presence  of  the  residual  stress  is  confirmed  by  the  fact 
that  a  free-standing  ME  tape  curls  up  (in  a  cylindrical  form  with  its  axis  perpendi- 
cular to  the  tape  length)  with  a  radius  of  curvature  of  ss  6  mm,  whereas  the  ME  tape 
without  the  DLC  does  not  curl.  The  magnetic  coating  side  of  the  PET  substrate  is 
much  smoother  at  smaller  scan  lengths.  However,  in  20  um  scans  it  has  a  lot  of 
bulges,  which  appear  as  white  spots  in  the  figure.  These  spots  change  shape  even 
while  scanning  the  samples  in  tapping  mode  at  very  low  contact  forces. 

The  variation  of  average  crack  width  and  average  crack  spacing  with  strain  is 
plotted  in  Fig.  12.52.  The  crack  width   is  measured  at  a  spot  along  a  given  crack 
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Fig.  12.52    Variation  of  stress,  crack  width,  and  crack  spacing  with  strain  in  two  magnetic  tapes 
(after  [73]) 
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over  a  distance  of  1  um  in  the  5  um  scan  image  at  different  strains.  The  crack 
spacing  is  obtained  by  averaging  the  intercrack  distance  measured  in  five  separate 
50  um  scans  at  each  strain.  It  can  be  seen  that  the  cracks  nucleate  at  a  strain  of  about 
0.7  -  1.0%,  well  within  the  elastic  limit  of  the  substrate.  There  is  a  definite  change 
in  the  slope  of  the  load-displacement  curve  at  the  strain  where  cracks  nucleate,  and 
the  slope  after  that  is  closer  to  the  slope  of  the  elastic  portion  of  the  substrate.  This 
would  mean  that  most  of  the  load  is  supported  by  the  substrate  once  the  coating  fails 
by  cracking. 

Fatigue  experiments  can  be  performed  by  applying  a  cyclic  stress  amplitude 
with  a  certain  mean  stress  [75].  Fatigue  life  was  determined  by  the  first  occurrence 
of  cracks.  Experiments  were  performed  at  various  constant  mean  stresses  and  with 
a  range  of  cyclic  stress  amplitudes  for  each  mean  stress  value  for  various  magnetic 
tapes.  Number  of  cycles  to  failure  was  plotted  as  a  function  of  stress  state  to  obtain 
a  so-called  S—N  (stress-life)  diagram.  As  the  stress  is  decreased,  there  is  a  stress 
value  for  which  no  failure  occurs.  This  stress  is  termed  the  endurance  limit  or 
simply  the  fatigue  limit.  Figure  12.53  shows  the  S—N  curves  for  an  ME  tape  and  an 
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Fig.  12.53  S-N  curve  for  two  magnetic  tapes  with  maximum  stress  plotted  on  the  ordinate  and 
number  of  cycles  to  failure  on  the  abscissa.  The  data  points  marked  with  arrows  indicate  tests  for 
which  no  failure  (cracking)  was  observed  in  the  scan  area,  even  after  a  large  number  of  cycles  (10,000) 
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ME  tape  without  DLC.  For  the  ME  tape,  the  endurance  limit  is  seen  to  go  down  with 
decreasing  mean  stress.  This  is  consistent  with  the  literature,  and  is  because  for 
lower  mean  stress  the  corresponding  stress  amplitude  is  relatively  high  and  this 
causes  failure.  The  endurance  limit  is  found  to  be  almost  the  same  for  all  three  mean 
stresses.  In  the  case  of  ME  tape  without  DLC  as  well,  the  critical  number  of  cycles 
is  found  to  be  in  the  same  range. 

In  situ  surface  characterization  of  unstretched  and  stretched  films  has  been  used 
to  measure  the  Poisson's  ratio  of  polymeric  thin  films  by  Bhushan  et  al.  [130]. 
Uniaxial  tension  is  applied  by  the  tensile  stage.  Surface  height  profiles  obtained 
from  the  AFM  images  of  unstretched  and  stretched  samples  are  used  to  monitor 
the  changes  in  displacements  of  the  polymer  films  in  the  longitudinal  and  lateral 
directions  simultaneously. 


12.3.5    NanofabricationlNanomachining 

An  AFM  can  be  used  for  nanofabrication/nanomachining  by  extending  the  micro- 
scale  scratching  operation  [5,  14,  41,  78].  Figure  12.54  shows  two  examples  of 
nanofabrication.  The  patterns  were  created  on  a  single-crystal  Si(100)  wafer  by 
scratching  the  sample  surface  with  a  diamond  tip  at  specified  locations  and  scratch- 
ing angles.  Each  line  is  scribed  manually  at  normal  load  of  15  uN  and  writing  speed 
of  0.5  um/s.  The  separation  between  lines  is  «  50  nm,  and  the  variation  in  line 
width  is  due  to  the  tip  asymmetry.  Nanofabrication  parameters  -  normal  load, 
scanning  speed,  and  tip  geometry  -  can  be  controlled  precisely  to  control  the 
depth  and  length  of  the  devices. 

Nanofabrication  using  mechanical  scratching  has  several  advantages  over  other 
techniques.  Better  control  over  the  applied  normal  load,  scan  size,  and  scanning 
speed  can  be  used  for  nanofabrication  of  devices.  Using  the  technique,  nanofabri- 
cation can  be  performed  on  any  engineering  surface.  Use  of  chemical  etching  or 
reactions  is  not  required,  and  this  dry  nanofabrication  process  can  be  used  where  the 
use  of  chemicals  and  electric  field  is  prohibited.  One  disadvantage  of  this  technique 
is  the  formation  of  debris  during  scratching.  At  light  loads,  debris  formation  is  not 
a  problem  compared  with  during  high-load  scratching.  However,  debris  can  be 
easily  removed  from  the  scan  area  at  light  loads  during  scanning. 


12.4    Indentation 

Mechanical  properties  on  relevant  scales  are  needed  for  the  analysis  of  friction 
and  wear  mechanisms.  Mechanical  properties,  such  as  hardness  and  Young's 
modulus  of  elasticity,  can  be  determined  on  micro-  to  picoscales  using  the  AFM 
[37, 41,  56,  62]  and  a  depth-sensing  indentation  system  used  in  conjunction  with  an 
AFM  [42,  131-133]. 
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Fig.  12.54    (a)  Trim  and  (b) 
spiral  patterns  generated  by 
scratching  a  Si(100)  surface 
using  a  diamond  tip  at  normal 
load  of  15  u.N  and  writing 
speed  of  0.5  um/s 


Si(100) 


10  nm 


5nm 


Onm 


10  nm 


5nm 


Onm 


0  0.25  0.5  0.75  1  (urn) 


12.4.1     Picoindentation 


Indentability  on  the  scale  of  subnanometers  of  soft  samples  can  be  studied  in  the 
force  calibration  mode  (Fig.  12.6)  by  monitoring  the  slope  of  cantilever  deflection 
as  a  function  of  sample  traveling  distance  after  the  tip  is  engaged  and  the  sample  is 
pushed  against  the  tip.  For  a  rigid  sample,  cantilever  deflection  equals  the  sample 
traveling  distance,  but  the  former  quantity  is  smaller  if  the  tip  indents  the  sample.  In 
an  example  for  a  polymeric  magnetic  tape  shown  in  Fig.  12.55,  the  line  in  the  left 
portion  of  the  figure  is  curved  with  a  slope  of  <  1  shortly  after  the  sample  touches 
the  tip,  which  suggests  that  the  tip  has  indented  the  sample  [37].  Later,  the  slope  is 
unity,  suggesting  that  the  tip  no  longer  indents  the  sample.  This  observation 
indicates  that  the  tape  surface  is  soft  (polymer  rich)  locally  but  hard  (as  a  result 
of  magnetic  particles)  underneath.  Since  the  curves  in  extending  and  retracting 
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Fig.  12.55    Tip  deflection 
(normal  load)  as  a  function  of 
z  (separation  distance)  for  a 
polymeric  magnetic  tape 
(after  [37]) 
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modes  are  identical,  the  indentation  is  elastic  up  to  the  maximum  load  of  ss  22  nN 
used  in  the  measurements. 

Detection  of  the  transfer  of  material  on  a  nanoscale  is  possible  with  the  AFM. 
Indentation  of  Cgo-rich  fullerene  films  with  an  AFM  tip  has  been  shown  [60]  to 
result  in  the  transfer  of  fullerene  molecules  to  the  AFM  tip,  as  indicated  by 
discontinuities  in  the  cantilever  deflection  as  a  function  of  sample  traveling  distance 
in  subsequent  indentation  studies. 


12.4.2    Nanoscale  Indentation 


The  indentation  hardness  of  surface  films  with  indentation  depth  as  small  as  «  1  nm 
can  be  measured  using  an  AFM  [14,  61,  62].  Figure  12.56  shows  gray  scale  plots  of 
indentation  marks  made  on  Si(lll)  at  normal  loads  of  60,  65,  70,  and  100  uN. 
Triangular  indents  can  be  clearly  observed  with  very  shallow  depths.  At  normal 
load  of  60  (J.N,  indents  are  observed,  and  the  depth  of  penetration  is  «  1  nm.  As 
the  normal  load  is  increased,  the  indents  become  clearer,  and  indentation  depth 
increases.  For  the  case  of  hardness  measurements  at  shallow  depths  on  the  same 
order  as  variations  in  surface  roughness,  it  is  desirable  to  subtract  the  original 
(unindented)  map  from  the  indent  map  for  an  accurate  measurement  of  the  inden- 
tation size  and  depth  [41]. 

To  make  accurate  measurements  of  hardness  at  shallow  depths,  a  depth-sensing 
nano/picoindentation  system  (Fig.  12.9)  is  used  [61].  Figure  12.57  shows  load- 
displacement  curves  at  different  peak  loads  for  Si(100).  Loading/unloading  curves 
often  exhibit  sharp  discontinuities,  particularly  at  high  loads.  Discontinuities,  also 
referred  to  as  pop-ins,  occurring  during  the  initial  loading  part  of  the  curve,  mark 
a  sharp  transition  from  pure  elastic  loading  to  plastic  deformation  of  the  specimen 
surface,  thus  corresponding  to  an  initial  yield  point.  The  sharp  discontinuities  in  the 
unloading  part  of  the  curves  are  believed  to  be  due  to  the  formation  of  lateral  cracks 
which  form  at  the  base  of  the  median  crack,  which  results  in  the  surface  of  the 
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Fig.  12.56    Gray-scale  plots 
of  indentation  marks  on  a  Si 
(111)  sample  at  various 
indentation  loads.  Loads, 
indentation  depths,  and 
hardness  values  are  listed  in 
the  figure  (after  [62]) 
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specimen  being  thrusted  upward.  Load-displacement  data  at  residual  depths  as  low 
as  S3  1  nm  can  be  obtained.  The  indentation  hardness  of  surface  films  has  been 
measured  for  various  materials  at  a  range  of  loads,  including  Si(100)  up  to  a  peak 
load  of  500  uN  and  Al(100)  up  to  a  peak  load  of  2,000  uN  by  Bhushan  et  al.  [61] 
and  Kulkarni  and  Bhushan  [131-133].  The  hardnesses  of  single-crystal  silicon  and 
single-crystal  aluminum  at  shallow  depths  on  the  order  of  a  few  nm  (i.e.,  on  the 
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Fig.  12.57    Load- 
displacement  curves  at 
various  peak  loads  for  Si 
(100).  Inset  shows  magnified 
curve  for  peak  load  50  uN 
(after  [61]) 
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Fig.  12.58    Indentation 
hardness  as  a  function  of 
residual  indentation  depth 
for  Si(100)  (after  [61])  and 
Al(100)  (after  [131]) 
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nanoscale)  are  found  to  be  higher  than  at  depths  on  the  order  of  a  few  hundred  nm 
(i.e.,  on  the  microscale)  (Fig.  12.58).  Microhardness  has  also  been  reported  to  be 
higher  than  that  on  the  millimeter  scale  by  several  investigators.  The  data  reported 
to  date  show  that  hardness  exhibits  scale  (size)  effects. 

During  loading,  generation  and  propagation  of  dislocations  is  responsible  for 
plastic  deformation.  A  strain  gradient  plasticity  theory  has  been  developed  for 
micro/nanoscale  deformations,  based  on  randomly  created,  statistically  stored, 
and  geometrically  necessary  dislocations  [134,  135].  Large  strain  gradients  inherent 
to  small  indentations  lead  to  accumulation  of  geometrically  necessary  dislocations 
located  in  a  certain  subsurface  volume  for  strain  compatibility  reasons,  which  cause 
enhanced  hardening.  The  large  strain  gradients  in  small  indentations  require  these 
dislocations  to  account  for  the  large  slope  at  the  indented  surface.  These  are 
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a  function  of  strain  gradient,  whereas  statistically,  stored  dislocations  are  a  function 
of  strain.  Based  on  this  theory,  scale-dependent  hardness  is  given  as 


H  =  H0Jl+^,  (12.23) 


a 

where  H0  is  the  hardness  in  the  absence  of  strain  gradient  or  macrohardness,  £<j  is 
the  material-specific  characteristic  length  parameter,  and  a  is  the  contact  radius.  In 
addition  to  the  role  of  strain  gradient  plasticity  theory,  an  increase  in  hardness  with 
decreasing  indentation  depth  can  possibly  be  rationalized  on  the  basis  that,  as  the 
volume  of  deformed  material  decreases,  there  is  a  lower  probability  of  encountering 
material  defects. 

Bhushan  and  Koinkar  [56]  have  used  AFM  measurements  to  show  that  ion 
implantation  of  silicon  surfaces  increases  their  hardness  and  thus  their  wear  resis- 
tance. Formation  of  surface  alloy  films  with  improved  mechanical  properties  by  ion 
implantation  is  of  growing  technological  importance  as  a  means  of  improving  the 
mechanical  properties  of  materials.  Hardness  of  20  nm-thick  DLC  films  have  been 
measured  by  Kulkarni  and  Bhushan  [133]. 

The  creep  and  strain-rate  effects  (viscoelastic  effects)  of  ceramics  can  be  studied 
using  a  depth-sensing  indentation  system.  Bhushan  et  al.  [61]  and  Kulkarni  and 
Bhushan  [13 1-133]  have  reported  that  ceramics  (single-crystal  silicon  and  diamond- 
like carbon)  exhibit  significant  plasticity  and  creep  on  a  nanoscale.  Figure  12.59a 
shows  load-displacement  curves  for  single-crystal  silicon  at  various  peak  loads  held 
for  180  s.  To  demonstrate  the  creep  effects,  the  load-displacement  curves  for 
500  pN  peak  load  held  for  0  and  30  s  are  also  shown  in  the  inset.  Note  that 
significant  creep  occurs  at  room  temperature.  Nanoindenter  experiments  conducted 
by  Li  et  al.  [136]  exhibited  significant  creep  only  at  high  temperatures  (greater  than 
or  equal  to  0.25  times  the  melting  point  of  silicon).  The  mechanism  of  dislocation 
glide  plasticity  is  believed  to  dominate  the  indentation  creep  process  on  the  macro- 
scale.  To  study  the  strain-rate  sensitivity  of  silicon,  data  at  two  different  (constant) 
rates  of  loading  are  presented  in  Fig.  12.59b.  Note  that  a  change  in  the  loading  rate 
by  a  factor  of  about  five  results  in  a  significant  change  in  the  load-displacement  data. 
The  viscoelastic  effects  observed  here  for  silicon  at  ambient  temperature  could  arise 
from  the  size  effects  mentioned  earlier.  Most  likely,  creep  and  strain  rate  experi- 
ments are  being  conducted  on  the  hydrated  films  present  on  the  silicon  surface  in  the 
ambient  environment,  and  these  films  are  expected  to  be  viscoelastic. 


12.4.3    Localized  Surface  Elasticity  and  Viscoelasticity  Mapping 

The  Young's  modulus  of  elasticity  can  be  calculated  from  the  slope  of  the  inden- 
tation curve  during  unloading.  However,  these  measurements  provide  a  single- 
point  measurement.  By  using  the  force  modulation  technique,  it  is  possible  to 
obtain  localized  elasticity  maps  of  soft  and  compliant  materials  of  near-surface 
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Fig.  12.59    (a)  Creep  behavior  and  (b)  strain-rate  sensitivity  of  Si(100)  (after  [61]) 
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Fig.  12.60  Surface  height  and  elasticity  maps  on  a  polymeric  magnetic  tape  (a  =  6.7  nm  and 
P-V  =  32  nm;  a  and  P-V  refer  to  the  standard  deviation  of  surface  height  and  the  peak-to-valley 
distance,  respectively).  The  gray  scale  on  the  elasticity  map  is  arbitrary  (after  [66]) 


regions  with  nanoscale  lateral  resolution.  This  technique  has  been  successfully  used 
for  polymeric  magnetic  tapes,  which  consist  of  magnetic  and  nonmagnetic  ceramic 
particles  in  a  polymeric  matrix.  Elasticity  maps  of  a  tape  can  be  used  to  identify  the 
relative  distribution  of  hard  magnetic  and  nonmagnetic  ceramic  particles  on  the 
tape  surface,  which  has  an  effect  on  friction  and  stiction  at  the  head-tape  interface 
[15].  Figure  12.60  shows  surface  height  and  elasticity  maps  on  a  polymeric  mag- 
netic tape  [66].  The  elasticity  image  reveals  sharp  variations  in  surface  elasticity 
due  to  the  composite  nature  of  the  film.  As  can  be  clearly  seen,  regions  of  high 
elasticity  do  not  always  correspond  to  high  or  low  topography.  Based  on  a  Hertzian 
elastic-contact  analysis,  the  static  indentation  depth  of  these  samples  during  the 
force  modulation  scan  is  estimated  to  be  about  1  nm.  We  conclude  that  the 
observed  contrast  is  influenced  most  strongly  by  material  properties  in  the  top 
few  nanometers,  independent  of  the  composite  structure  beneath  the  surface  layer. 
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Fig.  12.61  Images  of  an  MP  tape  obtained  with  TR  mode  II  (constant  deflection).  TR  mode  II 
amplitude  and  phase-angle  images  have  the  largest  contrast  among  tapping,  TR  mode  I,  and  TR 
mode  II  techniques  (after  [72]) 

By  using  phase-contrast  microscopy,  it  is  possible  to  obtain  phase-contrast  maps 
or  the  contrast  in  viscoelastic  properties  of  near-surface  regions  with  nanoscale 
lateral  resolution.  This  technique  has  been  successfully  used  for  polymeric  films 
and  magnetic  tapes  that  consist  of  ceramic  particles  in  a  polymeric  matrix  [69-72]. 

Figure  12.61  shows  typical  surface  height,  TR  amplitude,  and  TR  phase-angle 
images  for  a  MP  tape  using  TR  mode  II,  described  earlier.  The  TR  amplitude  image 
provides  contrast  in  lateral  stiffness,  and  the  TR  phase-angle  image  provides 
contrast  in  viscoelastic  properties.  In  the  TR  amplitude  and  phase-angle  images, 
the  distribution  of  magnetic  particles  can  be  clearly  seen,  and  with  better  contrast 
than  in  the  TR  surface  height  image.  MP  tape  samples  show  a  granular  structure 
with  elliptically  shaped  magnetic  particle  aggregates  (50-100  nm  in  diameter). 
Studies  by  Scott  and  Bhushan  [69],  Bhushan  and  Qi  [70],  and  Kasai  et  al.  [71] 
have  indicated  that  the  phase  shift  can  be  related  to  the  energy  dissipation  through 
the  viscoelastic  deformation  process  between  the  tip  and  the  sample.  Recent 
theoretical  analysis  has  established  a  quantitative  correlation  between  the  lateral 
surface  properties  (stiffness  and  viscoelasticity)  of  materials  and  the  amplitude/ 
phase-angle  shift  in  TR  measurements  [86].  The  contrast  in  the  TR  amplitude  and 
phase-angle  images  is  due  to  the  in-plane  (lateral)  heterogeneity  of  the  surface. 
Based  on  the  TR  amplitude  and  phase-angle  images,  mapping  of  the  lateral  surface 
properties  (lateral  stiffness  and  viscoelasticity)  of  materials  can  be  obtained. 


12.5     Boundary  Lubrication 


12.5.1     Perfluoropoly ether  Lubricants 


The  classic  approach  to  lubrication  uses  freely  supported  multimolecular  layers  of 
liquid  lubricants  [6,  11,  15,  137].  The  liquid  lubricants  are  sometimes  chemically 
bonded  to  improve  their  wear  resistance  [6,  11,  15].  Partially  chemically  bonded, 
molecularly  thick  perfluoropolyether  (PFPE)  films  are  used  for  lubrication  of 
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magnetic  storage  media  because  of  their  thermal  stability  and  extremely  low  vapor 
pressure  [15]).  Chemically  bonded  lubricants  are  considered  as  potential  candidate 
lubricants  for  MEMS/NEMS.  Molecularly  thick  PFPEs  are  well  suited  to  this 
application  because  of  the  following  properties:  low  surface  tension  and  low  contact 
angle,  which  allow  easy  spreading  on  surfaces  and  provide  hydrophobic  properties; 
chemical  and  thermal  stability,  which  minimizes  degradation  during  use;  low  vapor 
pressure,  which  provides  low  outgassing;  high  adhesion  to  substrate  via  organic 
functional  bonds;  and  good  lubricity,  which  reduces  contact  surface  wear. 

For  boundary  lubrication  studies,  friction,  adhesion,  and  durability  experiments 
have  been  performed  on  virgin  Si(100)  surfaces  and  silicon  surfaces  lubricated  with 
various  PFPE  lubricants  [51,  52,  54,  138-141].  More  recently,  there  has  been 
interest  in  selected  ionic  liquids  for  lubrication  [142-144].  They  possess  efficient 
heat  transfer  properties.  They  are  also  electrically  conducting,  which  is  of  interest  in 
various  MEMS/NEMS  applications.  Results  of  the  following  two  PFPE  lubricants 
will  be  presented  here:  Z-15  (with  -CF3  nonpolar  end  groups), 
CF3  O  (CF2  -  CF2  -  0)m  -  (CF2  -  0)„  -  CF3  (m/n  «  2/3)  and  Z-DOL 
(with  -OH  polar  end  groups),  HO  -  CH2  -  CF2  -  O  -  (CF2-  CF2  -  0)m- 
(CF2  -  0)„  -  CF2  -  CH2  -  OR(m/n  «  2/3).  Z-DOL  film  was  thermally  bonded 
at  150  °C  for  30  min,  and  the  unbonded  fraction  was  removed  by  a  solvent  (referred 
to  as  fully  bonded  herein)  [15].  The  thicknesses  of  Z-15  and  Z-DOL  films 
were  2.8  and  2.3  nm,  respectively.  Lubricant  chain  diameters  of  these  molecules 
are  ss  0.6  nm,  and  molecularly  thick  films  generally  lie  flat  on  surfaces  with 
high  coverage. 

The  adhesive  forces  of  Si(100),  Z-15,  and  Z-DOL  (fully  bonded)  measured  by 
force  calibration  plot  and  plots  of  friction  force  versus  normal  load  are  summarized 
in  Fig.  12.62  [54].  The  data  obtained  by  these  two  methods  are  in  good  agreement. 
Figure  12.62  shows  that  the  presence  of  mobile  Z-15  lubricant  film  increases 
the  adhesive  force  as  compared  with  Si(100)  due  to  meniscus  formation.  In  contrast, 
the  presence  of  the  solid-like  phase  of  the  Z-DOL  (fully  bonded)  film  reduces 
the  adhesive  force  as  compared  with  Si(100),  because  of  the  absence  of  mobile 
liquid.  The  schematic  in  Fig.  12.65b  (bottom)  shows  the  relative  size  and  sources  of 
the  meniscus.  It  is  well  known  that  the  native  oxide  layer  (Si02)  on  the  top  of  Si 
(100)  wafer  exhibits  hydrophilic  properties,  and  some  water  molecules  can  be 
adsorbed  on  this  surface.  The  condensed  water  will  form  a  meniscus  as  the  tip 
approaches  the  sample  surface.  The  larger  adhesive  force  in  Z-15  is  not  only  caused 
by  the  Z-15  meniscus  alone;  the  nonpolarized  Z-15  liquid  does  not  have  good 
wettability  and  strong  bonding  with  Si(100).  Consequently,  in  the  ambient  environ- 
ment, condensed  water  molecules  from  the  environment  will  permeate  through  the 
liquid  Z-15  lubricant  film  and  compete  with  the  lubricant  molecules  present  on  the 
substrate.  The  interaction  of  the  liquid  lubricant  with  the  substrate  is  weakened,  and 
a  boundary  layer  of  the  liquid  lubricant  forms  puddles  [51,  52].  This  dewetting 
allows  water  molecules  to  be  adsorbed  onto  the  Si(100)  surface  along  with  Z-15 
molecules,  and  both  of  them  can  form  meniscus  as  the  tip  approaches  the  surface. 
Thus  the  dewetting  of  liquid  Z-15  film  results  in  a  higher  adhesive  force  and  poorer 
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Fig.  12.62  Summary  of  the  adhesive  forces  of  Si(  100)  and  Z-15  and  Z-DOL  (fully  bonded)  films 
measured  by  force  calibration  plots  and  plots  of  friction  force  versus  normal  load  in  ambient  air 
(a),  (b)  Schematic  showing  the  effect  of  meniscus  formed  between  the  AFM  tip  and  the  surface 
sample  on  the  adhesive  and  friction  forces  (after  [54]) 


lubrication  performance.  In  addition,  the  Z-15  film  is  soft  compared  with  the  solid 
Si(100)  surface,  and  penetration  of  the  tip  into  the  film  occurs  when  pushing  the  tip 
down.  This  results  in  a  large  area  of  the  tip  being  wetted  by  the  liquid  to  form  the 
meniscus  at  the  tip-liquid  (mixture  of  Z-15  and  water)  interface.  It  should  also  be 
noted  that  Z-15  has  a  higher  viscosity  compared  with  water;  therefore  Z-15  film 
provides  greater  resistance  to  motion  and  higher  coefficient  of  friction.  In  the  case 
of  Z-DOL  (fully  bonded)  film,  both  of  the  active  groups  of  Z-DOL  molecules  are 
mostly  bonded  onto  the  Si(100)  substrate,  thus  the  Z-DOL  (fully  bonded)  film  has 
low  free  surface  energy  and  cannot  be  readily  displaced  by  water  molecules  or 
readily  adsorb  water  molecules.  Thus,  the  use  of  Z-DOL  (fully  bonded)  can  reduce 
the  adhesive  force. 

To  study  the  effect  of  velocity  on  friction  and  adhesion,  the  variation  of  friction 
force,  adhesive  force,  and  coefficient  of  friction  of  Si(100),  Z-15,  and  Z-DOL  (fully 
bonded)  as  a  function  of  velocity  is  summarized  in  Fig.  12.63  [54].  The  results 
indicates  that,  for  silicon  wafer,  the  friction  force  decreases  logarithmically  with 
increasing  velocity.  For  Z-15,  the  friction  force  decreases  with  increasing  velocity 
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Fig.  12.63  The  influence  of  velocity  on  the  friction  force,  adhesive  force,  and  coefficient  of 
friction  of  Si(100)  and  Z-15  and  Z-DOL  (fully  bonded)  films  at  70  nN  in  ambient  air  (a), 
(b)  Schematic  showing  the  change  of  surface  composition  (by  tribochemical  reaction)  and 
formation  of  meniscus  while  increasing  velocity  (after  [54]) 


up  to  10  um/s,  after  which  it  remains  almost  constant.  The  velocity  has  a  very  small 
effect  on  the  friction  force  of  Z-DOL  (fully  bonded);  it  reduced  slightly  only  at  very 
high  velocity.  Figure  12.63  also  indicates  that  the  adhesive  force  of  Si(100)  is 
increased  when  the  velocity  is  >  10  um/s.  The  adhesive  force  of  Z-15  is  reduced 
dramatically  with  a  velocity  increase  up  to  20  um/s,  after  which  it  is  reduced  sligh- 
tly, and  the  adhesive  force  of  Z-DOL  (fully  bonded)  is  also  decreased  at  high 
velocity.  In  the  tested  range  of  velocity,  only  the  coefficient  of  friction  of  Si(100) 
decreases  with  velocity,  while  the  coefficients  of  friction  of  Z-15  and  Z-DOL  (fully 
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bonded)  remain  almost  constant.  This  implies  that  the  friction  mechanisms  of  Z-15 
and  Z-DOL  (fully  bonded)  do  not  change  with  velocity. 

The  mechanisms  of  the  effect  of  velocity  on  adhesion  and  friction  can  be 
explained  based  on  the  schematics  shown  in  Fig.  12.63b  (right)  [54].  For  Si(100), 
tribochemical  reaction  plays  a  major  role.  Although,  at  high  velocity,  the  meniscus 
is  broken  and  does  not  have  enough  time  to  rebuild,  the  contact  stresses  and  high 
velocity  lead  to  tribochemical  reactions  of  the  Si(100)  wafer  (which  has  SiC>2  native 
oxide)  and  the  Si3N4  tip  with  water  molecules  to  form  Si(OH)4.  The  Si(OH)4  is 
removed  and  continuously  replenished  during  sliding.  The  Si(OH)4  layer  between 
the  tip  and  the  Si(100)  surface  is  known  to  be  of  low  shear  strength  and  causes 
a  decrease  in  friction  force  and  coefficient  of  friction  [11,  17].  The  Si-OH  chemical 
bonds  between  the  tip  and  the  Si(100)  surface  induce  a  large  adhesive  force.  For 
Z-15  film,  at  high  velocity,  the  meniscus  formed  by  condensed  water  and  Z-15 
molecules  is  broken  and  does  not  have  enough  time  to  rebuild,  therefore  the 
adhesive  force  and  consequently  the  friction  force  is  reduced.  The  friction  mecha- 
nism for  the  Z-15  film  is  still  shearing  of  the  same  viscous  liquid  even  in  the  high 
velocity  range,  thus  the  coefficient  of  friction  of  Z-15  does  not  change  with 
velocity.  For  the  Z-DOL  (fully  bonded)  film,  the  surface  can  adsorb  a  few  water 
molecules  under  ambient  conditions,  and  at  high  velocity  these  molecules  are 
displaced,  which  is  responsible  for  the  slight  decrease  in  friction  force  and  adhesive 
force.  Koinkar  and  Bhushan  [51,  52]  have  suggested  that,  in  the  case  of  samples 
with  mobile  films  such  as  condensed  water  and  Z-15  films,  alignment  of  liquid 
molecules  (shear  thinning)  is  responsible  for  the  drop  in  friction  force  with  increas- 
ing scanning  velocity.  This  could  be  another  reason  for  the  decrease  in  friction  force 
with  velocity  for  the  Si(100)  and  Z-15  film  in  this  study. 

To  study  the  effect  of  relative  humidity  on  friction  and  adhesion,  the  variation  of 
friction  force,  adhesive  force,  and  coefficient  of  friction  of  Si(100),  Z-15,  and  Z-DOL 
(fully  bonded)  as  a  function  of  relative  humidity  is  shown  in  Fig.  12.64  [54],  showing 
that,  for  Si(100)  and  Z-15  film,  the  friction  force  increases  with  relative  humidity  up 
to  45%  and  then  shows  a  slight  decrease  with  further  increase  in  relative  humidity. 
Z-DOL  (fully  bonded)  has  a  smaller  friction  force  than  Si(100)  and  Z-15  over  the 
whole  testing  range,  and  its  friction  force  shows  a  relative  apparent  increase  when  the 
relative  humidity  is  higher  than  45%.  For  Si(100),  Z-15,  and  Z-DOL  (fully  bonded), 
the  adhesive  forces  increase  with  relative  humidity,  and  their  coefficients  of  friction 
increase  with  relative  humidity  up  to  45%,  after  which  they  decrease  with  further 
increase  of  relative  humidity.  It  is  also  observed  that  the  effect  of  humidity  on 
Si(100)  really  depends  on  the  history  of  the  Si(100)  sample.  As  the  surface  of  the 
Si(100)  wafer  readily  adsorbs  water  in  air,  without  any  pretreatment  the  Si(100)  used 
in  our  study  almost  reaches  its  saturated  stage  of  adsorbed  water,  which  is  responsi- 
ble for  the  smaller  effect  with  increasing  relative  humidity.  However,  if  the  Si(100) 
wafer  is  thermally  treated  by  baking  at  150  °C  for  1  h,  a  larger  effect  is  observed. 

The  schematic  in  Fig.  12.64b  (right)  shows  that,  for  Si(100),  because  of  its  high 
free  surface  energy,  it  can  adsorb  more  water  molecules  with  increasing  relative 
humidity  [54].  As  discussed  earlier,  for  Z-15  film  in  the  humid  environment,  the 
water  condensed  from  the  humid  environment  competes  with  the  lubricant  film 
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Fig.  12.64  Influence  of  relative  humidity  on  the  friction  force,  adhesive  force,  and  coefficient  of 
friction  of  Si(  100)  and  Z- 15  and  Z-DOL  (fully  bonded)  films  at  70  nN,2  um/s,andin22  °Cair(a). 
(b)  Schematic  showing  the  change  of  meniscus  while  increasing  the  relative  humidity.  In  this 
figure,  the  thermally  treated  Si(  100)  represents  the  Si(  1 00)  wafer  baked  at  150  °Cfor  1  h  in  an  oven 
(in  order  to  remove  adsorbed  water)  just  before  it  was  placed  in  the  0%  RH  chamber  (after  [54]) 


present  on  the  sample  surface,  and  interaction  of  the  liquid  lubricant  film  with  the 
silicon  substrate  is  weakened  and  a  boundary  layer  of  the  liquid  lubricant  forms 
puddles.  This  dewetting  allows  water  molecules  to  be  adsorbed  on  the  Si(100) 
substrate  mixed  with  Z-15  molecules  [51,  52].  Obviously,  more  water  molecules 
can  be  adsorbed  on  the  Z-15  surface  with  increasing  relative  humidity.  The  greater 
amount  of  adsorbed  water  molecules  in  the  case  of  Si(100),  along  with  the  lubricant 
molecules  in  the  case  of  the  Z-15  film,  form  a  larger  meniscus,  which  leads  to  an 
increase  of  friction  force,  adhesive  force,  and  coefficient  of  friction  for  Si(100)  and 
Z-15  with  humidity,  although  at  very  high  humidity  of  70%  large  quantities  of 
adsorbed  water  can  form  a  continuous  water  layer  that  separate  the  tip  and  sample 
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surface  and  acts  as  a  kind  of  lubricant,  which  causes  a  decrease  in  the  friction  force 
and  coefficient  of  friction.  For  Z-DOL  (fully  bonded)  film,  because  of  its  hydro- 
phobic surface  properties,  water  molecules  can  be  adsorbed  at  humidity  above  45%, 
causing  an  increase  in  the  adhesive  force  and  friction  force. 

To  study  the  effect  of  temperature  on  friction  and  adhesion,  the  variation 
of  friction  force,  adhesive  force,  and  coefficient  of  friction  of  Si(100),  Z-15, 
and  Z-DOL  (fully  bonded)  with  temperature  is  summarized  in  Fig.  12.65  [54], 
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Fig.  12.65  The  influence  of  temperature  on  the  friction  force,  adhesive  force,  and  coefficient  of 
friction  of  Si(100)  and  Z-15  and  Z-DOL  (fully  bonded)  films  at  70  nN,  2  um/s,  and  in  RH  40-50% 
air  (a),  (b)  Schematic  showing  that,  at  high  temperature,  desorption  of  water  decreases  the 
adhesive  forces.  The  reduced  viscosity  of  Z-15  leads  to  the  decrease  of  the  coefficient  of  friction. 
High  temperature  facilitates  the  orientation  of  molecules  in  Z-DOL  (fully  bonded)  film,  which 
results  in  lower  coefficient  of  friction  (after  [54]) 
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The  results  shows  that  increasing  temperature  causes  a  decrease  of  friction  force, 
adhesive  force,  and  coefficient  of  friction  for  Si(100),  Z-15,  and  Z-DOL  (fully 
bonded).  The  schematic  in  Fig.  12.65b  (right)  indicates  that,  at  high  temperature, 
desorption  of  water  leads  to  decrease  of  the  friction  force,  adhesive  forces,  and 
coefficient  of  friction  for  all  of  the  samples.  For  the  Z-15  film,  the  reduction  of 
viscosity  at  high  temperature  also  contributes  to  the  decrease  of  friction  force  and 
coefficient  of  friction.  In  the  case  of  Z-DOL  (fully  bonded)  film,  molecules  are 
easily  oriented  at  high  temperature,  which  may  be  partly  responsible  for  the  low 
friction  force  and  coefficient  of  friction. 

To  summarize,  the  influence  of  velocity,  relative  humidity,  and  temperature  on 
the  friction  force  of  mobile  Z-15  film  is  presented  in  Fig.  12.66  [54].  The  changing 
trends  are  also  addressed  in  this  figure. 

To  study  the  durability  of  lubricant  films  at  the  nanoscale,  the  friction  of  Si(100), 
Z-15,  and  Z-DOL  (fully  bonded)  as  a  function  of  the  number  of  scanning  cycles  is 
shown  in  Fig.  12.67  [54].  As  observed  earlier,  the  friction  force  for  Z-15  is  higher 
than  that  for  Si(100),  with  the  lowest  values  for  Z-DOL  (fully  bonded).  During 
cycling,  the  friction  force  and  coefficient  of  friction  for  Si(100)  show  a  slight 
decrease  during  the  first  few  cycles,  then  remain  constant.  This  is  related  to  the 
removal  of  the  native  oxide.  In  the  case  of  the  Z-15  film,  the  friction  force  and 
coefficient  of  friction  show  an  increase  during  the  first  few  cycles  and  then 
approach  higher,  stable  values.  This  is  believed  to  be  caused  by  the  attachment  of 
Z-15  molecules  to  the  tip.  After  several  scans,  the  molecular  interaction  reaches  an 
equilibrium,  and  after  that  the  friction  force  and  coefficient  of  friction  remain 
constant.  In  the  case  of  Z-DOL  (fully  bonded)  film,  the  friction  force  and  coefficient 
of  friction  start  out  low  and  remain  low  during  the  entire  test  for  100  cycles.  This 
suggests  that  Z-DOL  (fully  bonded)  molecules  do  not  get  attached  or  displaced  as 
readily  as  those  of  Z-15. 


12.5.2     Self-Assembled  Monolayers 

For  lubrication  of  MEMS/NEMS,  another  effective  approach  involves  the  deposi- 
tion of  organized  and  dense  molecular  layers  of  long-chain  molecules.  Two  com- 
mon methods  to  produce  monolayers  and  thin  films  are  Langmuir-B lodge tt  (LB) 
deposition  and  self-assembled  monolayers  (SAMs)  by  chemical  grafting  of  mole- 
cules. LB  films  are  physically  bonded  to  the  substrate  by  weak  van  der  Waals 
attraction,  while  SAMs  are  chemically  bonded  via  covalent  bonds  to  the  substrate. 
Because  of  the  choice  of  chain  length  and  terminal  linking  group  that  SAMs  offer, 
they  hold  great  promise  for  boundary  lubrication  of  MEMS/NEMS.  A  number  of 
studies  have  been  conducted  to  study  the  tribological  properties  of  various  SAMs 
deposited  on  Si,  Al,  and  Cu  substrates  [20,  53,  55,  145-158]. 

Bhushan  and  Liu  [53]  studied  the  effect  of  film  compliance  on  adhesion  and 
friction.  They  used  hexadecane  thiol  (HDT),  1,  l',biphenyl-4-thiol  (BPT),  and 
cross-linked  BPT  (BPTC)  solvent-deposited  on  Au(lll)  substrate  (Fig.  12.68a). 
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Fig.  12.66    Schematic 
showing  the  change  of 
friction  force  of  molecularly 
thick  Z-15  films  with  log 
velocity,  relative  humidity, 
and  temperature.  The 
changing  trends  are  also 
addressed  in  this  figure  (after 
[54]) 
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The  average  values  and  standard  deviation  of  the  adhesive  force  and  coefficient  of 
friction  are  presented  in  Fig.  12.68b.  Based  on  these  data,  the  adhesive  force  and 
coefficient  of  friction  of  SAMs  are  lower  than  those  of  the  corresponding  substrates. 
Among  the  tested  films,  HDT  exhibited  the  lowest  values.  Based  on  stiffness  mea- 
surements of  various  SAMs,  HDT  was  the  most  compliant,  followed  by  BPT  and 
BPTC.  Based  on  friction  and  stiffness  measurements,  SAMs  with  high-compliance 
long  carbon  chains  exhibit  low  friction;  chain  compliance  is  desirable  for  low 
friction.  The  friction  mechanism  of  SAMs  is  explained  by  a  so-called  molecular 
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Fig.  12.67  Friction  force  versus  number  of  sliding  cycles  for  Si(100)  and  Z-15  and  Z-DOL  (fully 
bonded)  films  at  70  nN,  0.8  um/s,  and  in  ambient  air  (a),  (b)  Schematic  showing  that  some  liquid 
Z-15  molecules  can  be  attached  to  the  tip.  The  molecular  interaction  between  the  molecules 
attached  to  the  tip  and  the  Z-15  molecules  in  the  film  results  in  an  increase  of  the  friction  force  with 
multiple  scans  (after  [54]) 

spring  model  (Fig.  12.69).  According  to  this  model,  the  chemically  adsorbed  self- 
assembled  molecules  on  a  substrate  are  just  like  assembled  molecular  springs 
anchored  to  the  substrate.  An  asperity  sliding  on  the  surface  of  SAMs  is  like  a  tip 
sliding  on  the  top  of  molecular  springs  or  a  brush.  The  molecular  spring  assembly 
has  compliant  features  and  can  experience  orientation  and  compression  under  load. 
The  orientation  of  the  molecular  springs  or  brush  under  a  normal  load  reduces  the 
shearing  force  at  the  interface,  which  in  turn  reduces  the  friction  force.  The  orienta- 
tion is  determined  by  the  spring  constant  of  a  single  molecule  as  well  as  the  inter- 
action between  the  neighboring  molecules,  which  can  be  reflected  by  the  packing 
density  or  packing  energy.  It  should  be  noted  that  the  orientation  can  lead  to  confor- 
mational defects  along  the  molecular  chains,  which  lead  to  energy  dissipation. 

An  elegant  way  to  demonstrate  the  influence  of  molecular  stiffness  on  friction  is 
to  investigate  SAMs  with  different  structures  on  the  same  wafer.  For  this  purpose, 
a  micropatterned  SAM  was  prepared.  First  biphenyldimethylchlorosilane  (BDCS) 
was  deposited  on  silicon  by  a  typical  self-assembly  method  [147].  Then  the  film 
was  partially  cross-linked  using  a  mask  technique  using  low-energy  electron 
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Fig.  12.68    (a)  Schematics  of 
structures  of  hexadecane  thiol 
and  biphenylthiol  SAMs  on 
Au(l  11)  substrates,  and  (b) 
adhesive  force  and  coefficient 
of  friction  of  Au(lll) 
substrate  and  various  SAMs 
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Fig.  12.69    Molecular  spring 
model  of  SAMs.  In  this 
figure,  a,  <  a2,  which  is 
caused  by  further  orientation 
under  the  normal  load  applied 
by  an  asperity  tip  (after  [53]) 


Fig.  12.70    (a)  AFM  gray- 
scale surface  height  and 
stiffness  images,  and 
(b)  AFM  gray-scale  surface 
height  and  friction  force 
images  of  micropatterned 
BDCS  (after  [147]) 


3  Surface  height 


Stiffness 


irradiation.  Finally  micropatterned  BDCS  films  were  realized,  which  had  both 
as-deposited  and  cross-linked  coating  regions  on  the  same  wafer.  The  local  stiffness 
properties  of  this  micropatterned  sample  were  investigated  by  the  force-modulation 
AFM  technique  [66].  The  variation  in  the  deflection  amplitude  provides  a  mea- 
sure of  the  relative  local  stiffness  of  the  surface.  Surface  height,  stiffness,  and 
friction  images  of  the  micropatterned  biphenyldimethylchlorosilane  (BDCS)  spec- 
imen were  obtained  and  are  presented  in  Fig.  12.70  [147].  The  circular  areas 
correspond  to  the  as-deposited  film,  and  the  remaining  area  to  the  cross-linked 
film.  Figure  12.70a  indicates  that  cross-linking  caused  by  the  low-energy  electron 
irradiation  leads  to  w  0.5  nm  decrease  of  the  surface  height  of  the  BDCS  film. 
The  corresponding  stiffness  images  indicate  that  the  cross-linked  area  has  higher 
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wear  mechanism  of  SAMs 
with  increasing  normal  load 
(after  [147]) 
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stiffness  than  the  as-deposited  area.  Figure  12.70b  indicates  that  the  as-deposited 
area  (higher  surface  height)  has  a  lower  friction  force.  Obviously,  these  data  from 
the  micropatterned  sample  prove  that  the  local  stiffness  of  SAMs  influences  their 
friction  performance.  Higher  stiffness  leads  to  larger  friction  force.  These  results 
provide  strong  proof  of  the  suggested  molecular  spring  model. 

SAMs  with  high-compliance  long  carbon  chains  also  exhibit  the  best  wear 
resistance  [53,  147].  In  wear  experiments,  curves  of  wear  depth  as  a  function  of 
normal  load  show  a  critical  normal  load,  at  which  the  film  wears  rapidly.  A 
representative  curve  is  shown  in  Fig.  12.71.  Below  the  critical  normal  load, 
SAMs  undergo  orientation;  at  the  critical  load  SAMs  wear  away  from  the  substrate 
due  to  relatively  weak  interface  bond  strengths,  while  above  the  critical  normal  load 
severe  wear  takes  place  on  the  substrate. 


12.5.3    Liquid  Film  Thickness  Measurements 


Liquid  film  thickness  mapping  of  ultrathin  films  (on  the  order  of  2  nm)  can  be 
obtained  using  friction  force  microscopy  [51]  and  adhesive  force  mapping  [113]. 
Figure  12.72  shows  gray  scale  plots  of  the  surface  topography  and  friction  force 
obtained  simultaneously  for  unbonded  Demnum  S-100-type  PFPE  lubricant  film  on 
silicon.  Demnum-type  PFPE  lubricant  (Demnum,  Daikin,  Japan)  chains  have 
-  CF2  -  CH2  -  OH  (a  reactive  end  group)  on  one  end,  whereas  Z-DOL  chains 
have  hydroxyl  groups  on  both  ends,  as  described  earlier.  The  friction  force  plot 
shows  well-distinguished  low-  and  high-friction  regions  roughly  corresponding  to 
high  and  low  regions  in  the  surface  topography  (thick  and  thin  lubricant  regions). 
A  uniformly  lubricated  sample  does  not  show  such  a  variation  in  the  friction. 
Friction  force  imaging  can  thus  be  used  to  measure  the  lubricant  uniformity  on 
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Fig.  12.72    Gray-scale  plots 
of  the  surface  topography 
and  friction  force  obtained 
simultaneously  for 
unbonded  Demnum-type 
perfluoropolyether  lubricant 
film  on  silicon  (after  [51]) 
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Fig.  12.73  Gray-scale  plots  of  the  adhesive  force  distribution  of  a  uniformly  coated,  3.5  nm-thick 
unbonded  Z-DOL  film  on  silicon  and  3-10  nm-thick  unbonded  Z-DOL  film  on  silicon  that  was 
deliberately  coated  nonuniformly  by  vibrating  the  sample  during  the  coating  process  (after  [113]) 


the  sample  surface,  which  cannot  be  identified  by  surface  topography  alone. 
Figure  12.73  shows  the  gray  scale  plots  of  the  adhesive  force  distribution  for  silicon 
samples  coated  uniformly  and  nonuniformly  with  Z-DOL-type  PFPE  lubricant. 
It  can  be  clearly  seen  that  there  exists  a  region  which  has  adhesive  force  distinctly 
different  from  the  other  region  for  the  nonuniformly  coated  sample.  This  implies 
that  the  liquid  film  thickness  is  nonuniform,  giving  rise  to  a  difference  in  the 
meniscus  forces. 

Quantitative  measurements  of  liquid  film  thickness  of  thin  lubricant  films  (on 
the  order  of  a  few  nm)  with  nanometer  lateral  resolution  can  be  made  by  using 
AFM  [5,  13,  72,  94].  The  liquid  film  thickness  is  obtained  by  measuring  the  force 
on  the  tip  as  it  approaches,  contacts,  and  pushes  through  the  liquid  film  and 
ultimately  contacts  the  substrate.  The  distance  between  the  sharp  snap-in  (owing 
to  the  formation  of  a  liquid  meniscus  and  van  der  Waals  forces  between  the  film  and 


12     Nanotribology,  Nanomechanics,  and  Materials  Characterization 


97 


Fig.  12.74    Forces  between 
the  tip  and  the  hair  surface 
as  a  function  of  tip-sample 
separation  for  virgin  and 
conditioner-treated  hair. 
A  schematic  of  the 
measurement  of  localized 
conditioner  thickness  is 
shown  in  the  inset  at  the  top. 
An  expanded-scale  view  of 
the  force  curve  for  small 
separations  is  shown  at  the 
bottom  (after  [72]) 
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the  tip)  at  the  liquid  surface  and  the  hard  repulsion  at  the  substrate  surface  is  a 
measure  of  the  liquid  film  thickness.  Figure  12.74  shows  a  plot  of  the  forces 
between  the  tip  and  virgin  hair  or  hair  treated  with  conditioner.  The  hair  sample 
was  first  brought  into  contact  with  the  tip  and  then  pulled  away  at  a  velocity  of 
400  nm/s.  The  zero  tip-sample  separation  is  defined  to  be  the  position  where  the 
force  on  the  tip  is  zero,  and  the  tip  is  not  in  contact  with  the  sample.  As  the  tip 
approaches  the  sample,  a  negative  force  exists,  which  indicates  an  attractive  force. 
The  treated  hair  surface  shows  a  much  longer  range  of  interaction  with  the  tip 
compared  with  the  very  short  range  of  interaction  between  the  virgin  hair  surface 
and  the  tip.  Typically,  the  tip  suddenly  snaps  into  contact  with  the  conditioner 
layer  at  a  finite  separation  H  («  30  nm),  which  is  proportional  to  the  conditioner 
thickness  h.  As  the  tip  contacts  the  substrate,  the  tip  travels  with  the  sample.  When 
the  sample  is  withdrawn,  the  forces  on  the  tip  slowly  decrease  to  zero  once  the 
liquid  meniscus  is  drawn  out  from  the  hair  surface.  It  should  be  noted  that  the 
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distance  H  between  the  sharp  snap-in  at  the  liquid  surface  and  the  hard  wall  contact 
with  the  substrate  is  not  the  real  conditioner  thickness  h.  Due  to  the  interaction 
of  the  liquid  with  the  tip  at  some  spacing  distance,  H  tends  to  be  thicker  than  the 
actual  film  thickness,  but  can  still  provide  an  estimate  and  upper  limit  for  the  actual 
film  thickness. 


12.6     Conclusion 

For  most  solid-solid  interfaces  of  technological  relevance,  contact  occurs  at  multi- 
ple asperities.  A  sharp  AFM/FFM  tip  sliding  on  a  surface  simulates  just  one  such 
contact.  However,  asperities  come  in  all  shapes  and  sizes.  The  effect  of  the  radius  of 
a  single  asperity  (tip)  on  the  friction/adhesion  performance  can  be  studied  using  tips 
of  different  radii.  AFM/FFM  is  used  to  study  various  tribological  phenomena, 
which  include  surface  roughness,  adhesion,  friction,  scratching,  wear,  indentation, 
detection  of  material  transfer,  and  boundary  lubrication.  Measurement  of  atomic- 
scale  friction  of  a  freshly  cleaved  highly  oriented  pyrolytic  graphite  exhibits  the 
same  periodicity  as  that  of  the  corresponding  topography.  However,  the  peaks  in 
friction  and  those  in  the  corresponding  topography  are  displaced  relative  to  each 
other.  Variations  in  atomic-scale  friction  and  the  observed  displacement  can  be 
explained  by  the  variation  in  interatomic  forces  in  the  normal  and  lateral  directions. 
The  relevant  friction  mechanism  is  atomic-scale  stick-slip.  Local  variations  in 
microscale  friction  occur  and  are  found  to  correspond  to  the  local  slopes,  suggesting 
that  a  ratchet  mechanism  and  collision  effects  are  responsible  for  this  variation. 
Directionality  in  the  friction  is  observed  on  both  micro-  and  macroscales,  which 
results  from  the  surface  roughness  and  surface  preparation.  Anisotropy  in  surface 
roughness  accentuates  this  effect.  The  friction  contrast  in  conventional  frictional 
measurements  is  based  on  interactions  dependent  upon  interfacial  material  pro- 
perties superimposed  by  roughness-induced  lateral  forces.  To  obtain  roughness- 
independent  friction,  lateral  or  torsional  modulation  techniques  can  be  used.  These 
techniques  also  allow  measurements  over  a  small  region.  AFM/FFM  experiments 
are  generally  conducted  at  relative  velocities  up  to  ps  200  um/s.  High-velocity 
experiments  can  be  performed  by  either  mounting  a  sample  on  a  shear  wave  trans- 
ducer driven  at  very  high  frequencies  or  mounting  a  sample  on  a  high-velocity 
piezo  stage.  By  using  these  techniques,  friction  and  wear  experiments  can  be 
performed  at  a  range  of  sliding  velocities  as  well  as  normal  loads,  and  the  data 
have  been  used  to  develop  nanoscale  friction  and  wear  maps.  Relevant  friction 
mechanisms  are  different  for  different  ranges  of  sliding  velocities  and  normal  loads. 

The  adhesion  and  friction  in  wet  environment  depends  on  the  tip  radius,  surface 
roughness,  and  relative  humidity.  Superhydrophobic  surfaces  can  be  designed  by 
roughness  optimization. 

Nanoscale  friction  is  generally  found  to  be  smaller  than  microscale  friction. 
There  are  several  factors  responsible  for  these  differences,  including  wear  and 
contaminant   particles,    transition   from   elasticity   to   plasticity,    scale-dependent 
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roughness  and  mechanical  properties,  and  meniscus  effects.  Nanoscale  friction  values 
increase  with  an  increase  in  the  normal  load  above  a  certain  critical  load  (pressure), 
approaching  the  macroscale  friction.  The  critical  contact  pressure  corresponds  to 
the  hardness  of  the  softer  of  the  two  contacting  materials. 

The  wear  rate  on  the  microscale  for  single-crystal  silicon  is  negligible  below 
20  uN,  and  much  higher  and  approximately  constant  at  higher  loads.  Elastic 
deformation  at  low  loads  is  responsible  for  negligible  wear.  Most  of  the  wear  debris 
is  loose.  SEM  and  TEM  studies  of  the  wear  region  suggest  that  the  material  on 
the  microscale  is  removed  by  plastic  deformation,  with  a  small  contribution 
from  elastic  fracture;  this  observation  corroborates  with  the  scratch  data.  Evolution 
of  wear  has  also  been  studied  using  AFM.  Wear  is  found  to  be  initiated  at  nano- 
scratches.  For  a  sliding  interface  requiring  near-zero  friction  and  wear,  contact 
stresses  should  be  below  the  hardness  of  the  softer  material  to  minimize  plastic 
deformation,  and  surfaces  should  be  free  of  nanoscratches.  Further,  wear  precursors 
can  be  detected  at  early  stages  of  wear  by  using  surface  potential  measurements. 
It  is  found  that,  even  in  the  case  of  zero  wear  (no  measurable  deformation  of  the 
surface  using  AFM),  there  can  be  a  significant  change  in  the  surface  potential 
inside  the  wear  mark,  which  is  useful  for  the  study  of  wear  precursors.  Detection 
of  material  transfer  on  a  nanoscale  is  possible  with  AFM. 

In  situ  surface  characterization  of  the  local  deformation  of  materials  and  thin 
coatings  can  be  carried  out  using  a  tensile  stage  inside  an  AFM.  An  AFM  can  also 
be  used  for  nanofabrication/nanomachining. 

A  modified  AFM  can  be  used  to  obtain  load-displacement  curves  and  for 
measurement  of  nanoindentation  hardness  and  Young's  modulus  of  elasticity, 
with  depth  of  indentation  as  low  as  1  nm.  Hardness  of  ceramics  on  nanoscales  is 
found  to  be  higher  than  that  on  the  microscale.  Ceramics  exhibit  significant  plas- 
ticity and  creep  on  a  nanoscale.  By  using  the  force-modulation  technique,  loca- 
lized surface  elasticity  maps  of  composite  materials  with  penetration  depth  as 
low  as  1  nm  can  be  obtained.  By  using  phase-contrast  microscopy  in  tapping  or 
torsional  mode,  it  is  possible  to  get  phase-contrast  maps  or  the  contrast  in  visco- 
elastic  properties  of  near-surface  regions.  Scratching  and  indentation  on  nano- 
scales are  powerful  ways  to  screen  for  adhesion  and  resistance  to  deformation  of 
ultrathin  films. 

Boundary  lubrication  studies  and  measurement  of  lubricant  film  thickness 
with  lateral  resolution  on  the  nanoscale  can  be  conducted  using  AFM.  Chemically 
bonded  lubricant  films  and  self-assembled  monolayers  are  superior  in  terms  of 
friction  and  wear  resistance.  For  chemically  bonded  lubricant  films,  the  adsorp- 
tion of  water,  the  formation  of  meniscus  and  its  change  during  sliding,  and  surface 
properties  play  an  important  role  in  the  adhesion,  friction,  and  durability  of  these 
films.  Sliding  velocity,  relative  humidity,  and  temperature  affect  adhesion  and 
friction.  For  SAMs,  the  friction  mechanism  is  explained  by  a  so-called  molecular 
spring  model.  Films  with  high-compliance  long  carbon  chains  exhibit  low  friction 
and  wear.  Also  perfluoroalkylsilane  SAMs  on  Si  appear  to  be  more  hydrophobic 
with  lower  adhesion  than  alkylsilane  SAMs  on  Si. 
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Investigations  of  adhesion,  friction,  wear,  scratching,  and  indentation  on  the 
nanoscale  using  AFM  can  provide  insights  into  the  failure  mechanisms  of  materials. 
Coefficients  of  friction,  wear  rates,  and  mechanical  properties  such  as  hardness 
have  been  found  to  be  different  on  the  nanoscale  than  on  the  macroscale;  generally, 
coefficients  of  friction  and  wear  rates  on  micro-  and  nanoscales  are  smaller, 
whereas  hardness  is  greater.  Therefore,  micro/nanotribological  studies  may  help 
to  define  the  regimes  for  ultralow  friction  and  near-zero  wear.  These  studies  also 
provide  insight  into  the  atomic  origins  of  adhesion,  friction,  wear,  and  lubrication 
mechanisms. 
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Chapter  13 

Surface  Forces  and  Nanorheology 

of  Molecularly  Thin  Films 

Marina  Ruths  and  Jacob  N.  Israelachvili 


Abstract  In  this  chapter,  we  describe  the  static  and  dynamic  normal  forces  that 
occur  between  surfaces  in  vacuum  or  liquids  and  the  different  modes  of  friction  that 
can  be  observed  between:  (1)  bare  surfaces  in  contact  (dry  or  interfacial  friction), 
(2)  surfaces  separated  by  a  thin  liquid  film  (lubricated  friction),  and  (3)  surfaces 
coated  with  organic  monolayers  (boundary  friction). 

Experimental  methods  suitable  for  measuring  normal  surface  forces,  adhesion 
and  friction  (lateral  or  shear)  forces  of  different  magnitude  at  the  molecular  level 
are  described.  We  explain  the  molecular  origin  of  van  der  Waals,  electrostatic, 
solvation  and  polymer-mediated  interactions,  and  basic  models  for  the  contact 
mechanics  of  adhesive  and  nonadhesive  elastically  deforming  bodies.  The  effects 
of  interaction  forces,  molecular  shape,  surface  structure  and  roughness  on  adhesion 
and  friction  are  discussed. 

Simple  models  for  the  contributions  of  the  adhesion  force  and  external  load  to 
interfacial  friction  are  illustrated  with  experimental  data  on  both  unlubricated  and 
lubricated  systems,  as  measured  with  the  surface  forces  apparatus.  We  discuss  rate- 
dependent  adhesion  (adhesion  hysteresis)  and  how  this  is  related  to  friction.  Some 
examples  of  the  transition  from  wearless  friction  to  friction  with  wear  are  shown. 

Lubrication  in  different  lubricant  thickness  regimes  is  described  together  with 
explanations  of  nanorheological  concepts.  The  occurrence  of  and  transitions  between 
smooth  and  stick-slip  sliding  in  various  types  of  dry  (unlubricated  and  solid  bound- 
ary lubricated)  and  liquid  lubricated  systems  are  discussed  based  on  recent  experi- 
mental results  and  models  for  stick-slip  involving  memory  distance  and  dilatancy. 

13.1     Introduction:  Types  of  Surface  Forces 

In  this  chapter,  we  discuss  the  most  important  types  of  surface  forces  and  the 
relevant  equations  for  the  force  and  friction  laws.  Several  different  attractive  and 
repulsive  forces  operate  between  surfaces  and  particles.  Some  forces  occur  in 
vacuum,  for  example,  attractive  van  der  Waals  and  repulsive  hard-core  interactions. 
Other  types  of  forces  can  arise  only  when  the  interacting  surfaces  are  separated  by 
another  condensed  phase,  which  is  usually  a  liquid.  The  most  common  types  of 
surface  forces  and  their  main  characteristics  are  listed  in  Table  13.1. 
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Table  13.1  Types  of  surface  forces  in  vacuum  versus  in  liquid  (colloidal  forces).  Note:  (v)  applies 
only  to  interactions  in  vacuum,  (s)  applies  only  to  interactions  in  solution  (or  to  surfaces  separated 
by  a  liquid),  and  (v  &  s)  applies  to  interactions  occurring  both  in  vacuum  and  in  solution 


Type  of  force 


Subclasses  or  alternative  names       Main  characteristics 


van  der  Waals 


Electrostatic 


Ion  correlation 

Quantum 

mechanical 

Solvation 


Hydrophobic 
Specific  binding 


van  der  Waals 

Electrostatic 

Quantum 

mechanical 

Solvation 
Entropic 


Non-equilibrium 


Attractive  forces 

Debye  induced  dipole  force  (v  &  s) 
London  dispersion  force  (v  &  s) 
Casimir  force  (v  &  s) 
Ionic  bond  (v) 
Coulombic  force  (v  &  s) 
Hydrogen  bond  (v) 
Charge-exchange  interaction  (v  &  s) 
Acid-base  interaction  (s) 
"Harpooning"  interaction  (v) 
van  der  Waals  force  of  polarizable 

ions  (s) 
Covalent  bond  (v) 
Metallic  bond  (v) 
Exchange  interaction  (v) 
Oscillatory  force  (s) 
Depletion  force  (s) 

Attractive  hydration  force  (s) 

"Lock-and-key"  or  complementary 

binding  (v  &  s) 
Receptor-ligand  interaction  (s) 
Antibody-antigen  interaction  (s) 

Repulsive  forces 

van  der  Waals  disjoining  pressure  (s) 

Coulombic  force  (v  &  s) 

Hard-core  or  steric  repulsion  (v) 
Born  repulsion  (v) 


Oscillatory  solvation  force  (s) 
Structural  force  (s) 
Hydration  force  (s) 

Osmotic  repulsion  (s) 
Double-layer  force  (s) 
Thermal  fluctuation  force  (s) 
Steric  polymer  repulsion  (s) 
Undulation  force  (s) 
Protrusion  force  (s) 
Dynamic  interactions 
Hydrodynamic  forces  (s) 
Viscous  forces  (s) 
Friction  forces  (v  &  s) 
Lubrication  forces  (s) 


Ubiquitous,  occurs  both  in  vacuum 
and  in  liquids 

Strong,  long-range,  arises  in  polar 
solvents;  requires  surface 
charging  or  charge-separation 
mechanism 


Requires  mobile  charges  on  surfaces 

in  a  polar  solvent 
Strong,  short-range,  responsible  for 

contact  binding  of  crystalline 

surfaces 
Mainly  entropic  in  origin,  the 

oscillatory  force  alternates 

between  attraction  and  repulsion 
Strong,  apparently  long-range; 

origin  not  yet  understood 
Subtle  combination  of  different  non- 

covalent  forces  giving  rise  to 

highly  specific  binding;  main 

recognition  mechanism  of 

biological  systems 

Arises  only  between  dissimilar 
bodies  interacting  in  a  medium 

Arises  only  for  certain  constrained 
surface  charge  distributions 

Short-range,  stabilizing  attractive 
covalent  and  ionic  binding 
forces,  effectively  determine 
molecular  size  and  shape 

Monotonically  repulsive  forces, 
believed  to  arise  when  solvent 
molecules  bind  strongly  to 
surfaces 

Due  to  confinement  of  molecular  or 
ionic  species;  requires 
mechanism  that  keeps  trapped 
species  between  the  surfaces 


Energy-dissipating  forces  occurring 
during  relative  motion  of 
surfaces  or  bodies 


13     Surface  Forces  and  Nanorheology  of  Molecularly  Thin  Films  109 

In  vacuum,  the  two  main  long-range  interactions  are  the  attractive  van  der  Waals 
and  electrostatic  (Coulomb)  forces.  At  smaller  surface  separations  (corresponding 
to  molecular  contact  at  surface  separations  of  D  w  0.2  mm),  additional  attractive 
interactions  can  be  found  such  as  covalent  or  metallic  bonding  forces.  These 
attractive  forces  are  stabilized  by  the  hard-core  repulsion.  Together  they  determine 
the  surface  and  interfacial  energies  of  planar  surfaces,  as  well  as  the  strengths  of 
materials  and  adhesive  junctions.  Adhesion  forces  are  often  strong  enough  to 
elastically  or  plastically  deform  bodies  or  particles  when  they  come  into  contact. 

In  vapors  (e.g.,  atmospheric  air  containing  water  and  organic  molecules),  solid 
surfaces  in,  or  close  to,  contact  will  generally  have  a  surface  layer  of  chemi- 
sorbed  or  physisorbed  molecules,  or  a  capillary  condensed  liquid  bridge  between 
them.  A  surface  layer  usually  causes  the  adhesion  to  decrease,  but  in  the  case  of 
capillary  condensation,  the  additional  Laplace  pressure  or  attractive  capillary 
force  may  make  the  adhesion  between  the  surfaces  stronger  than  in  an  inert  gas 
or  vacuum. 

When  totally  immersed  in  a  liquid,  the  force  between  particles  or  surfaces  is 
completely  modified  from  that  in  vacuum  or  air  (vapor).  The  van  der  Waals 
attraction  is  generally  reduced,  but  other  forces  can  now  arise  that  can  qualitatively 
change  both  the  range  and  even  the  sign  of  the  interaction.  The  attractive  force  in 
such  a  system  can  be  either  stronger  or  weaker  than  in  the  absence  of  the  interven- 
ing liquid.  For  example,  the  overall  attraction  can  be  stronger  in  the  case  of  two 
hydrophobic  surfaces  separated  by  water,  but  weaker  for  two  hydrophilic  surfaces. 
Depending  on  the  different  forces  that  may  be  operating  simultaneously  in  solution, 
the  overall  force  law  is  not  generally  monotonically  attractive  even  at  long  range;  it 
can  be  repulsive,  or  the  force  can  change  sign  at  some  finite  surface  separation. 
In  such  cases,  the  potential-energy  minimum,  which  determines  the  adhesion  force 
or  energy,  does  not  occur  at  the  true  molecular  contact  between  the  surfaces,  but  at 
some  small  distance  further  out. 

The  forces  between  surfaces  in  a  liquid  medium  can  be  particularly  complex  at 
short  range,  i.e.,  at  surface  separations  below  a  few  nanometers  or  4-10  molecular 
diameters.  This  is  partly  because,  with  increasing  confinement,  a  liquid  ceases  to 
behave  as  a  structureless  continuum  with  bulk  properties;  instead,  the  size  and 
shape  of  its  molecules  begin  to  determine  the  overall  interaction.  In  addition, 
the  surfaces  themselves  can  no  longer  be  treated  as  inert  and  structureless  walls 
(i.e.,  mathematically  flat)  and  their  physical  and  chemical  properties  at  the  atomic 
scale  must  now  be  taken  into  account.  The  force  laws  will  then  depend  on  whether 
the  surfaces  are  amorphous  or  crystalline  (and  whether  the  lattices  of  crystalline 
surfaces  are  matched  or  not),  rough  or  smooth,  rigid  or  soft  (fluidlike),  and  hydro- 
phobic or  hydrophilic. 

It  is  also  important  to  distinguish  between  static  (i.e.,  equilibrium)  interactions 
and  dynamic  (i.e.,  nonequilibrium)  forces  such  as  viscous  and  friction  forces.  For 
example,  certain  liquid  films  confined  between  two  contacting  surfaces  may  take  a 
surprisingly  long  time  to  equilibrate,  as  may  the  surfaces  themselves,  so  that  the 
short-range  and  adhesion  forces  appear  to  be  time-dependent,  resulting  in  "aging" 
effects. 
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13.2     Methods  Used  to  Study  Surface  Forces 
13.2.1     Force  Laws 


The  full  force  law  F(D)  between  two  surfaces,  i.e.,  the  force  F  as  a  function 
of  surface  separation  D,  can  be  measured  in  a  number  of  ways  [1-5].  The  simplest 
is  to  move  the  base  of  a  spring  by  a  known  amount  AD0.  Figure  13.1  illustrates 
this  method  when  applied  to  the  interaction  of  two  magnets.  However,  the  method 
is  also  applicable  at  the  microscopic  or  molecular  level,  and  it  forms  the  basis  of 
all  direct  force-measuring  apparatuses  such  as  the  surface  forces  apparatus  (SFA; 
[2,  7])  and  the  atomic  force  microscope  (AFM;  [8-10]).  If  there  is  a  detectable 
force  between  the  surfaces,  this  will  cause  the  force-measuring  spring  to  deflect  by 
ADS,  while  the  surface  separation  changes  by  AD.  These  three  displacements  are 
related  by 


ADS  =  AD0  -  AD. 


(13.1) 


Force  F 


. 

Repulsion 

1 

r1. 

_ \&D0 

J  AD 

1 

Jump 
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*"    Slope  = 

-K 

^-^"r' 

R 

Jump 
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Distance  D 

Fig.  13.1  Schematic  attractive  force  law  between  two  macroscopic  objects  such  as  two  magnets, 
or  between  two  microscopic  objects  such  as  the  van  der  Waals  force  between  a  metal  tip  and  a 
surface.  On  lowering  the  base  supporting  the  spring,  the  latter  will  expand  or  contract  such  that, 
at  any  equilibrium  separation  D,  the  attractive  force  balances  the  elastic  spring  restoring  force. 
If  the  gradient  of  the  attractive  force  AF  /AD  exceeds  the  gradient  of  the  spring's  restoring 
force  (defined  by  the  spring  constant  £s),  the  upper  surface  will  jump  from  A  into  contact  at  A' 
(A  for  "advancing").  On  separating  the  surfaces  by  raising  the  base,  the  two  surfaces  will  jump 
apart  from  R  to  R'  (R  for  "receding").  The  distance  R— R'  multiplied  by  ks  gives  the  adhesion  force, 
i.e.,  the  value  oi  F  at  the  point  R  (after  [6]  with  permission) 
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The  difference  in  force,  AF,  between  the  initial  and  final  separations  is  given  by 

AF  =  ksADs,  (13.2) 

where  ks  is  the  spring  constant.  The  equations  above  provide  the  basis  for  measure- 
ments of  the  force  difference  between  any  two  surface  separations.  For  example,  if 
a  force-measuring  apparatus  with  a  known  ks  can  measure  D  (and  thus  AD),  AD0, 
and  ADS,  the  force  difference  AF  can  be  measured  between  a  large  initial  or 
reference  separation  D,  where  the  force  is  zero  (F  =  0),  and  another  separation 
D—  AD.  By  working  one's  way  in  increasing  increments  of  AD  =  ADo  —  ADS,  the 
full  force  law  F(D)  can  be  constructed  over  any  desired  distance  regime. 

In  order  to  measure  an  equilibrium  force  law,  it  is  essential  to  establish  that  the 
two  surfaces  have  stopped  moving  before  the  displacements  are  measured.  When 
displacements  are  measured  while  two  surfaces  are  still  in  relative  motion,  one  also 
measures  a  viscous  or  frictional  contribution  to  the  total  force.  Such  dynamic  force 
measurements  have  enabled  the  viscosities  of  liquids  near  surfaces  and  in  thin  films 
to  be  accurately  determined  [11—13]. 

In  practice,  it  is  difficult  to  measure  the  forces  between  two  perfectly  flat 
surfaces,  because  of  the  stringent  requirement  of  perfect  alignment  for  making 
reliable  measurements  at  distances  of  a  few  tenths  of  a  nanometer.  It  is  far  easier 
to  measure  the  forces  between  curved  surfaces,  e.g.,  two  spheres,  a  sphere  and  a 
flat  surface,  or  two  crossed  cylinders.  Furthermore,  the  force  F(D)  measured 
between  two  curved  surfaces  can  be  directly  related  to  the  energy  per  unit  area 
E(D)  between  two  flat  surfaces  at  the  same  separation  D  by  the  so-called  Derjaguin 
approximation  [14] 

£(£>)=  J_i  (13.3) 

where  R  is  the  radius  of  the  sphere  (for  a  sphere  and  a  flat  surface)  or  the  radii  of  the 
cylinders  (for  two  crossed  cylinders,  cf.  Table  13.2). 


13.2.2    Adhesion  Forces 

The  most  direct  way  to  measure  the  adhesion  of  two  solid  surfaces  (such  as  two 
spheres  or  a  sphere  on  a  flat)  is  to  suspend  one  of  them  on  a  spring  and  measure  the 
adhesion  or  "pull-off"  force  needed  to  separate  the  two  bodies,  using  the  deflection 
of  the  spring.  If  ks  is  the  stiffness  of  the  force-measuring  spring  and  AD  is  the 
distance  the  two  surfaces  jump  apart  when  they  separate,  then  the  adhesion  force 
Fad  is  given  by 


ad 


Fmax  =  ksAD,  (13.4) 
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Table  13.2  Van  der  Waals  interaction  energy  and  force  between  macroscopic  bodies  of  different 
geometries.  A  negative  force  (AH  positive)  implies  attraction,  a  positive  force  means  repulsion 
(Ah  negative)  (after  [15],  with  permission) 
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where  we  note  that,  in  liquids,  the  maximum  or  minimum  in  the  force  may  occur  at 
some  nonzero  surface  separation  (Fig.  13.7).  From  Fad  and  a  known  surface 
geometry,  and  assuming  that  the  surfaces  were  everywhere  in  molecular  contact, 
one  may  also  calculate  the  surface  or  interfacial  energy  y.  For  an  elastically 
deformable  sphere  of  radius  R  on  a  flat  surface,  or  for  two  crossed  cylinders  of 
radius  R,  we  have  [3,  16] 

'-53-  (13-5) 

while  for  two  spheres  of  radii  R ;  and  R2 

Fad/1     ,      1 


.     i  ,,        o    I  (13-6) 

in  \R\      R2J 


where  y  is  in  units  of  J  m      (Sect.  13.5.2). 


13.2.3     The  SFA  and  AFM 

In  a  typical  force-measuring  experiment, at  least  two  of  the  above  displacement 
parameters  -  AD0,  AD,  and  ADS  -  are  directly  or  indirectly  measured,  and  from 
these  the  third  displacement  and  the  resulting  force  law  F(D)  are  deduced  using 
(13.1)  and  (13.2)  together  with  a  measured  value  of  ks.  For  example,  in  SFA 
experiments,  ADq  is  changed  by  expanding  or  contracting  a  piezoelectric  crystal 
by  a  known  amount  or  by  moving  the  base  of  the  spring  with  sensitive  motor-driven 
mechanical  stages.  The  resulting  change  in  surface  separation  AD  is  measured 
optically,  and  the  spring  deflection  ADS  can  then  be  obtained  according  to  (13.1). 
In  AFM  experiments,  AD0  and  ADS  are  measured  using  a  combination  of  piezo- 
electric, optical,  capacitance  or  magnetic  techniques,  from  which  the  change  in 
surface  separation  AD  is  deduced.  Once  a  force  law  is  established,  the  geometry  of 
the  two  surfaces  (e.g.,  their  radii)  must  also  be  known  before  the  results  can  be 
compared  with  theory  or  with  other  experiments. 

The  SFA  (Fig.  13.2)  is  used  for  measurements  of  adhesion  and  force  laws 
between  two  curved  molecularly  smooth  surfaces  immersed  in  liquids  or  controlled 
vapors  [3,  7,  17].  The  surface  separation  is  measured  by  multiple-beam  interferom- 
etry  with  an  accuracy  of  ±0.1  nm.  From  the  shape  of  the  interference  fringes  one 
also  obtains  the  radius  of  the  surfaces  R  and  any  surface  deformation  that  arises 
during  an  interaction  [18-20].  The  resolution  in  the  lateral  direction  is  about  1  urn. 
The  surface  separation  can  be  independently  controlled  to  within  0. 1  nm,  and  the 
force  sensitivity  is  about  10~  N.  For  a  typical  surface  radius  of  R  w  1  cm,  y  values 
can  be  measured  to  an  accuracy  of  about  10~3  mJm"2. 

Several  different  materials  have  been  used  to  form  the  surfaces  in  the  SFA, 
including  mica  [21,  22],  silica  [23],  sapphire  [24],  and  polymer  sheets  [25].  These 
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Fig.  13.2  A  surface  forces  apparatus  (SFA)  where  the  intermolecular  forces  between  two 
macroscopic,  cylindrical  surfaces  of  local  radius  R  can  be  directly  measured  as  a  function  of 
surface  separation  over  a  large  distance  regime  from  tenths  of  a  nanometer  to  micrometers.  Local 
or  transient  surface  deformations  can  be  detected  optically.  Various  attachments  for  moving  one 
surface  laterally  with  respect  to  the  other  have  been  developed  for  friction  measurements  in 
different  regimes  of  sliding  velocity  and  sliding  distance  (after  [17]  with  permission) 


materials  can  also  be  used  as  supporting  substrates  in  experiments  on  the  forces 
between  adsorbed  or  chemically  bound  polymer  layers  [13,  26-31],  surfactant  and 
lipid  monolayers  and  bilayers  [32-35],  and  metal  and  metal  oxide  layers  [36-43]. 
The  range  of  liquids  and  vapors  that  can  be  used  is  almost  endless,  and  have  thus  far 
included  aqueous  solutions,  organic  liquids  and  solvents,  polymer  melts,  various 
petroleum  oils  and  lubricant  liquids,  dyes,  and  liquid  crystals. 

Friction  attachments  for  the  SFA  [44-49]  allow  for  the  two  surfaces  to  be 
sheared  laterally  past  each  other  at  varying  sliding  speeds  or  oscillating  frequencies, 
while  simultaneously  measuring  both  the  transverse  (frictional  or  shear)  force 
and  the  normal  force  (load)  between  them.  The  ranges  of  friction  forces  and 
sliding  speeds  that  can  be  studied  with  such  methods  are  currently  10~7  —  10_1  N 
and  10~13  —  10-2ms-1,  respectively  [50].  The  externally  applied  load  L  can  be 
varied  continuously,  and  both  positive  and  negative  loads  can  be  applied.  The 
distance  between  the  surfaces  D  their  true  molecular  contact  area,  their  elastic 
(or  viscoelastic  or  elastohydrodynamic)  deformation,  and  their  lateral  motion  can 
all  be  monitored  simultaneously  by  recording  the  moving  interference-fringe 
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Fig.  13.3  Schematic  drawing  of  an  atomic  force  microscope  (AFM)  tip  supported  on  a  triangular 
cantilever  interacting  with  an  arbitrary  solid  surface.  The  normal  force  and  topology  are  measured 
by  monitoring  the  calibrated  deflection  of  the  cantilever  as  the  tip  is  moved  across  the  surface  by 
means  of  a  piezoelectric  transducer.  Various  designs  have  been  developed  that  move  either  the 
sample  or  the  cantilever  during  the  scan.  Friction  forces  can  be  measured  from  the  torsion  of  the 
cantilever  when  the  scanning  is  in  the  direction  perpendicular  to  its  long  axis  (after  [15]  with 
permission) 


pattern.  Equipment  for  dynamic  measurements  of  normal  forces  has  also  been 
developed.  Such  measurements  give  information  on  the  viscosity  of  the  medium 
and  thelocation  of  the  shear  or  slip  planes  relative  to  thesurfaces  [11-13,  51,  52]. 

In  the  atomic  force  microscope  (Fig.  13.3),  the  force  is  measured  by 
monitoring  the  deflection  of  a  soft  cantilever  supporting  a  submicroscopic  tip 
(R  m  10  —  200nm)  as  this  interacts  with  a  flat,  macroscopic  surface  [8,  53,  54]. 
The  measurements  can  be  done  in  a  vapor  or  liquid.  The  normal  (bending)  spring 
stiffness  of  the  cantilever  can  be  as  small  as  0.01  N  m-1,  allowing  measurements  of 
normal  forces  as  small  as  1  pN  (10~12  N),  which  corresponds  to  the  bond  strength  of 
single  molecules  [55-58].  Distances  can  be  inferred  with  an  accuracy  of  about  1  nm, 
and  changes  in  distance  can  be  measured  to  about  0. 1  nm.  Since  the  contact  area  can 
be  small  when  using  sharp  tips,  different  interaction  regimes  can  be  resolved  on 
samples  with  a  heterogeneous  composition  on  lateral  scales  of  a  few  nanometers. 
Height  differences  and  the  roughness  of  the  sample  can  be  measured  directly  from 
the  cantilever  deflection  or,  alternatively,  by  using  a  feedback  system  to  raise  or 
lower  the  sample  so  that  the  deflection  (the  normal  force)  is  kept  constant  during  a 
scan  over  the  area  of  interest.  Weak  interaction  forces  and  larger  (microscopic) 
interaction  areas  can  be  investigated  by  replacing  the  tip  with  a  micrometer-sized 
sphere  to  form  a  "colloidal  probe"  [9]. 

The  atomic  force  microscope  can  also  be  used  for  friction  measurements 
(lateral  force  microscopy,  LFM,  or  friction  force  microscopy,  FFM)  by  monitoring 
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the  torsion  of  the  cantilever  as  the  sample  is  scanned  in  the  direction  perpendicular 
to  the  long  axis  of  the  cantilever  [10,  54,  59,  60].  Typically,  the  stiffness  of  the 
cantilever  to  lateral  bending  is  much  larger  than  to  bending  in  the  normal  direction 
and  to  torsion,  so  that  these  signals  are  decoupled  and  height  and  friction  can  be 
detected  simultaneously.  The  torsional  spring  constant  can  be  as  low  as  0.1  N  m_1, 
giving  a  lateral  (friction)  force  sensitivity  of  10~n  N. 

Rapid  technical  developments  have  facilitated  the  calibrations  of  the  normal 
[61,  62]  and  lateral  spring  constants  [60,  63-65],  as  well  as  in  situ  measurements  of 
the  macroscopic  tip  radius  [66,  67].  Cantilevers  of  different  shapes  with  a  large 
range  of  spring  constants,  tip  radii,  and  surface  treatments  (inorganic  or  organic 
coatings)  are  commercially  available.  The  flat  surface,  and  also  the  particle  in  the 
colloidal  probe  technique,  can  be  any  material  of  interest.  However,  remaining 
difficulties  with  this  technique  are  that  the  distance  between  the  tip  and  the  substrate 
D  and  the  deformationsof  the  tip  and  sample,  are  not  directly  measurable.  Another 
important  difference  between  the  AFM/LFM  and  SFA  techniques  is  the  different 
size  of  the  contact  area,  and  the  related  observation  that,  even  when  a  cantilever 
with  a  very  low  spring  constant  is  used  in  the  AFM,  the  pressure  in  the  contact  zone 
is  typically  much  higher  than  in  the  SFA.  Hydrodynamic  effects  in  liquids  also 
affect  the  measurements  of  normal  forces  differently  on  certain  time  scales  [68-71]. 


13.2.4    Some  Other  Force-Measuring  Techniques 

A  large  number  of  other  techniques  are  available  for  the  measurements  of  the 
normal  forces  between  solid  or  fluid  surfaces  [4,  15].  The  techniques  discussed  in 
this  section  are  not  used  for  lateral  (friction)  force  measurements,  but  are  commonly 
used  to  study  normal  forces,  particularly  in  biological  systems. 

Micropipette  aspirationis  used  to  measure  the  forces  between  cells  or  vesicles,  or 
between  a  cell  or  vesicle  and  another  surface  [72-74].  The  cell  or  vesicle  is  held  by 
suction  at  the  tip  of  a  glass  micropipette  and  deforms  elastically  in  response  to  the 
net  interactions  with  another  surface  and  to  the  applied  suction.  The  shape  of 
the  deformed  surface  (cell  membrane)  is  measured  and  used  to  deduce  the  force 
between  the  surfaces  and  the  membrane  tension  [73].  The  membrane  tension,  and 
thus  the  stiffness  of  the  cell  or  vesicle,  is  regulated  by  applying  different  hydrostatic 
pressures.  Forces  can  be  measured  in  the  range  of  0.1  pN  to  1  nN,  and  the  distance 
resolution  is  a  few  nanometers.  The  interactions  between  a  colloidal  particle  and 
another  surface  can  be  studied  by  attaching  the  particle  to  the  cell  membrane  [75]. 

In  the  osmotic  stress  technique,  pressures  are  measured  between  colloidal 
particles  in  aqueous  solution,  membranes  or  bilayers,  or  other  ordered  colloidal 
structures  (viruses,  DNA).  The  separation  between  the  particle  surfaces  and  the 
magnitude  of  membrane  undulations  are  measured  by  x-ray  or  neutron  scattering 
techniques.  This  is  combined  with  a  measurement  of  the  osmotic  pressure  of  the 
solution  [76-79].  The  technique  has  been  used  to  measure  repulsive  forces,  such  as 
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Derjaguin-Landau-Verwey-Overbeek  (DLVO)  interactions,  steric  forces,  and 
hydration  forces  [80].  The  sensitivity  in  pressure  is  0.1  mN  m-2,  and  distances 
can  be  resolved  to  0. 1  nm. 

The  optical  tweezers  technique  is  based  on  the  trapping  of  dielectric  particles  at 
the  center  of  a  focused  laser  beam  by  restoring  forces  arising  from  radiation 
pressure  and  light-intensity  gradients  [81,  82].  The  forces  experienced  by  particles 
as  they  are  moved  toward  or  away  from  one  another  can  be  measured  with  a 
sensitivity  in  the  pN  range.  Small  biological  molecules  are  typically  attached  to  a 
larger  bead  of  a  material  with  suitable  refractive  properties.  Recent  development 
allows  determinations  of  position  with  nanometer  resolution  [83],  which  makes  this 
technique  useful  for  studying  the  forces  during  the  extension  of  single  molecules. 

In  total  internal  reflection  microscopy  (TIRM),  the  potential  energy  between  a 
micrometer-sized  colloidal  particle  and  a  flat  surface  in  aqueous  solution  is  deduced 
from  the  average  equilibrium  height  of  the  particle  above  the  surface,  measured 
from  the  intensity  of  scattered  light.  The  average  height  (D  rs  10  —  100  nm) 
results  from  a  balance  of  gravitational  force,  radiation  pressure  from  a  laser  beam 
focused  at  the  particle  from  below,  and  intermolecular  forces  [84].  The  technique  is 
particularly  suitable  for  measuring  weak  forces  (sensitivity  ca.  10~14  N),  but  is  more 
difficult  to  use  for  systems  with  strong  interactions.  A  related  technique  is  reflection 
interference  contrast  microscopy  (RICM),  where  optical  interference  is  used  to  also 
monitor  changes  in  the  shape  of  the  approaching  colloidal  particle  or  vesicle  [85]. 

An  estimate  of  bond  strengths  can  be  obtained  from  the  hydrodynamic  shear 
force  exerted  by  a  fluid  on  particles  or  cells  attached  to  a  substrate  [86,  87].  At  a 
critical  force,  the  bonds  are  broken  and  the  particle  or  cell  will  be  detached  and 
move  with  the  velocity  of  the  fluid.  This  method  requires  knowledge  of  the  contact 
area  and  the  flow-velocity  profile  of  the  fluid.  Furthermore,  a  uniform  stress 
distribution  in  the  contact  area  is  generally  assumed.  At  low  bond  density,  this 
technique  can  be  used  to  determine  the  strength  of  single  bonds  (1  pN). 


13.3     Normal  Forces  Between  Dry  (Unlubricated)  Surfaces 
13.3.1     Van  der  Waals  Forces  in  Vacuum  and  Inert  Vapors 

Forces  between  macroscopic  bodies  (such  as  colloidal  particles)  across  vacuum 
arise  from  interactions  between  the  constituent  atoms  or  molecules  of  each  body 
across  the  gap  separating  them.  These  intermolecular  interactions  are  electromag- 
netic forces  between  permanent  or  induced  dipoles  (van  der  Waals  forces),  and 
between  ions  (electrostatic  forces).  In  this  section,  we  describe  the  van  der  Waals 
forces,  which  occur  between  all  atoms  and  molecules  and  between  all  macroscopic 
bodies  [2]. 

The  interaction  between  two  permanent  dipoles  with  a  fixed  relative  orienta- 
tion can  be  attractive  or  repulsive.  For  the  specific  case  of  two  freely  rotating 
permanent  dipoles  in  a  liquid  or  vapor  (orientational  or  Keesom  interaction),  and 
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Fig.  13.4  Schematic  representation  of  (a)  van  der  Waals  interaction  (dipole-induced  dipole 
interaction),  (b)  charge  exchange,  which  acts  to  increase  adhesion  and  friction  forces,  and 
(c)  sintering  between  two  surfaces 


for  a  permanent  dipole  and  an  induced  dipole  in  an  atom  or  polar  or  nonpolar 
molecule  (induction  or  Debye  interaction),  the  interaction  is  on  average  always 
attractive.  The  third  type  of  van  der  Waals  interaction,  the  fluctuation  or  London 
dispersion  interaction,  arises  from  instantaneous  polarization  of  one  nonpolar  or 
polar  molecule  due  to  fluctuations  in  the  charge  distribution  of  a  neighboring 
nonpolar  or  polar  molecule  (Fig.  13.4a).  Correlation  between  these  fluctuating 
induced  dipole  moments  gives  an  attraction  that  is  present  between  any  two 
molecules  or  surfaces  across  vacuum.  At  very  small  separations,  the  interaction 
will  ultimately  be  repulsive  as  the  electron  clouds  of  atoms  and  molecules  begin  to 
overlap.  The  total  interaction  is  thus  a  combination  of  a  short-range  repulsion  and  a 
relatively  long-range  attraction. 

Except  for  in  highly  polar  materials  such  as  water,  London  dispersion  interac- 
tions give  the  largest  contribution  (70-100%)  to  the  van  der  Waals  attraction.  The 
interaction  energy  of  the  van  der  Waals  force  between  atoms  or  molecules  depends 
on  the  separation  r  as 


E(D) 


-CvdW 


(13.7) 


where  the  constant  Cvdw  depends  on  the  dipole  moments  and  polarizabilities  of  the 
molecules.  At  large  separations  (>  10  nm),  the  London  interaction  is  weakened  by  a 
randomizing  effect  caused  by  the  rapid  fluctuations.  That  is,  the  induced  temporary 
dipole  moment  of  one  molecule  may  have  changed  during  the  time  needed  for  the 
transmission  of  the  electromagnetic  wave  (photon)  generated  by  its  fluctuating 
charge  density  to  another  molecule  and  the  return  of  the  photon  generated  by  the 
induced  fluctuation  in  this  second  molecule.  This  phenomenon  is  called  retardation 
and  causes  the  interaction  energy  to  decay  as  r~7  at  large  separations  [88]. 

Dispersion  interactions  are  to  a  first  approximation  additive,  and  their  contribu- 
tion to  the  interaction  energy  between  two  macroscopic  bodies  (such  as  colloidal 
particles)  across  vacuum  can  be  found  by  summing  the  pairwise  interactions  [89]. 
The  interaction  is  generally  described  in  terms  of  the  Hamaker  constant,  AH- 
Another  approach  is  to  treat  the  interacting  bodies  and  an  intervening  medium  as 
continuous  phases  and  determine  the  strength  of  the  interaction  from  bulk  dielectric 
properties  of  the  materials  [90,  91].  Unlike  the  pairwise  summation,  this  method 
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takes  into  account  the  screening  of  the  interactions  between  molecules  inside  the 
bodies  by  the  molecules  closer  to  the  surfaces  and  the  effects  of  the  intervening 
medium.  For  the  interaction  between  material  1  and  material  3  across  material  2,  the 
nonretarded  Hamaker  constant  given  by  the  Lifshitz  theory  is  approximately  [2] 

a  a  ,     A  3;     tY£1  ~£2\  (^  ~EA     ,    3/2V<= 

AH,123  =  Ah.^0  +  Ah,>0  «  4  W\— j  ^— j  +  ^ 

(nf  -  «1)  («f  -  «1)  (13-8) 


"l)(v/("l+»2)  + 


where  the  first  term  (v  =  0)  represents  the  pemianent  dipole  and  dipole-induced 
dipole  interactions  and  the  second  (v  >  0)  the  London  (dispersion)  interaction,  e, 
and  «,  are  the  static  dielectric  constants  and  refractive  indexes  of  the  materials, 
respectively.  ve  is  the  frequency  of  the  lowest  electron  transition  (around 
3  x  1015  s_1).  Either  one  of  the  materials  1,  2,  or  3  in  (13.8)  can  be  vacuum  or  air 
(8  =  n  =  1).  AH  is  typically  10~20  —  10  19  J  (the  higher  values  are  found  for 
metals)  for  interactions  between  solids  and  liquids  across  vacuum  or  air. 

The  interaction  energy  between  two  macroscopic  bodies  is  dependent  on 
the  geometry  and  is  always  attractive  between  two  bodies  of  the  same  material 
[AH  positive,  see  (13.8)].  The  van  der  Waals  interaction  energy  and  force  laws 
(F  =  —dE(D)/dD)  for  some  common  geometries  are  given  in  Table  13.2.  Because 
of  the  retardation  effect,  the  equations  in  Table  13.2  will  lead  to  an  overestimation 
of  the  dispersion  force  at  large  separations.  It  is,  however,  apparent  that  the 
interaction  energy  between  macroscopic  bodies  decays  more  slowly  with  separation 
(i.e.,  has  a  longer  range)  than  between  two  molecules. 

For  inert  nonpolar  surfaces,  e.g.,  consisting  of  hydrocarbons  or  van  der  Waals 
solids  and  liquids,  the  Lifshitz  theory  has  been  found  to  apply  even  at  molecular 
contact,  where  it  can  be  used  to  predict  the  surface  energies  (surface  tensions)  of 
such  solids  and  liquids.  For  example,  for  hydrocarbon  surfaces,  An  =  5  x  10~20  J. 
Inserting  this  value  into  the  equation  for  two  flat  surfaces  (Table  13.2)  and  using  a 
"cut-off"  distance  of  Do  «  0.165  nm  as  an  effective  separation  when  the  surfaces 
are  in  contact  [2],  we  obtain  for  the  surface  energy  y  (which  is  defined  as  half  the 
interaction  energy) 


E=     AH 

2      24ti£>2 


24mJirT2,  (13.9) 


a  value  that  is  typical  for  hydrocarbon  solids  and  liquids  [92]. 

If  the  adhesion  force  is  measured  between  two  crossed-cylindrical  surfaces 
of  R=l  cm  (a  geometry  equivalent  to  a  sphere  with  R=l  cm  interacting  with 
a  flat  surface,  cf.  Table  13.2)  using  an  SFA,  we  expect  the  adhesion  force  to  be 
(Table  13.2)  F  =  AHfl/(6£)o)  =  4nR7  ~  3.0mN.  Using  a  spring  constant  of 
ks  =  lOONm     ,  such  an  adhesive  force  will  cause  the  two  surfaces  to  jump  apart 
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by  AD  =  F/ks  =  30  /mi,  which  can  be  accurately  measured.  (For  elastic  bodies  that 
deform  in  adhesive  contact,  R  changes  during  the  interaction  and  the  measured 
adhesion  force  is  25%  lower,  see  Sect.  13.5.2).  Surface  energies  of  solids  can  thus 
be  directly  measured  with  the  SFA  and,  in  principle,  with  the  AFM  if  the  contact 
geometry  can  be  quantified.  The  measured  values  are  in  good  agreement  with 
calculated  values  based  on  the  known  surface  energies  y  of  the  materials,  and  for 
nonpolar  low-energy  solids  they  are  well  accounted  for  by  the  Lifshitz  theory  [2]. 


13.3.2     Charge-Exchange  Interactions 

Electrostatic  interactions  are  present  between  ions  (Coulomb  interactions), 
between  ions  and  permanent  dipoles,  and  between  ions  and  nonpolar  molecules 
in  which  a  charge  induces  a  dipole  moment.  The  interaction  energy  between  ions  or 
between  a  charge  and  a  fixed  permanent  dipole  can  be  attractive  or  repulsive.  For  an 
induced  dipole  or  a  freely  rotating  permanent  dipole  in  vacuum  or  air,  the  interac- 
tion energy  with  a  charge  is  always  attractive. 

Spontaneous  charge  transfer  may  occur  between  two  dissimilar  materials  in 
contact  [93-97].  The  phenomenon,  called  contact  electrification,  is  especially 
prominent  in  contact  between  a  metal  and  a  material  with  low  conductivity  (includ- 
ing organic  liquids)  [95,  97],  but  is  also  observed,  for  example,  between  two 
different  polymer  layers.  It  is  believed  that  when  two  different  materials  are  in 
static  contact,  charge  transfer  might  occur  due  to  quantum  tunneling  of  electrons  or, 
in  some  cases,  transfer  of  surface  ions.  The  charging  is  generally  seen  to  be  stronger 
with  increasing  difference  in  work  function  (or  electron  affinity)  between  the  two 
materials  [95,  97].  During  separation,  rolling  or  sliding  of  one  body  over  the  other, 
the  surfaces  experience  both  charge  transition  from  one  surface  to  the  other  and 
charge  transfer  (conductance)  along  each  surface  (Fig.  13.4b).  The  latter  process  is 
typically  slower,  and,  as  a  result,  charges  remain  on  the  surfaces  as  they  are 
separated  in  vacuum  or  dry  nitrogen  gas.  The  charging  gives  rise  to  a  strong 
adhesion  with  adhesion  energies  of  over  1000  mJ  m-2,  similar  to  fracture  or 
cohesion  energies  of  the  solid  bodies  themselves  [93,  94,  98].  Upon  separating 
the  surfaces  further  apart,  a  strong,  long-range  electrostatic  attraction  is  observed. 
The  charging  can  be  decreased  through  discharges  across  the  gap  between  the 
surfaces  (which  requires  a  high  charging)  or  through  conduction  in  the  solids. 
The  discharge  may  give  rise  to  triboluminescence  [99],  but  can  also  cause  sparks 
that  may  ignite  combustible  materials  [100].  It  has  been  suggested  that  charge- 
exchange  interactions  are  particularly  important  in  rolling  friction  between  dry 
surfaces  (which  can  simplistically  be  thought  of  as  an  adhesion-separation  pro- 
cess), where  the  distance  dependence  offerees  acting  normally  to  the  surfaces  plays 
a  larger  role  than  in  sliding  friction.  In  the  case  of  sliding  friction,  charge  transfer  is 
also  observed  between  identical  materials  [98,  101].  Mechanisms  such  as  bond 
formation  and  breakage  (polymer  scission),  slip  at  the  wall  between  a  flowing  liquid 
and  a  solid  [102],  or  material  transfer  and  the  creation  of  wear  particles  have  been 
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suggested.  However,  friction  electrification  or  triboelectrification  also  occurs  during 
wearless  sliding,  i.e.,  when  the  surfaces  are  not  damaged.  Other  explanations  such  as 
the  creation  or  translation  of  defects  on  or  near  the  surface  have  been  put  forward 
[98].  Attempts  have  been  made  to  correlate  the  amount  of  charging  with  the  normal 
force  or  load  and  with  the  polarizability  of  the  sliding  materials  [96,  103].  Recent 
experiments  on  the  sliding  friction  between  metal-insulator  surfaces  indicate  that 
stick-slip  would  be  accompanied  by  charge-transfer  events  [104,  105]. 

Photoinduced  charge  transfer,  or  harpooning,  involves  the  transfer  of  an  electron 
between  an  atom  in  a  molecular  beam  or  at  a  solid  surface  (typically  an  alkali  or 
transition  metal)  to  an  atom  or  molecule  in  a  gas  (typically  a  halide)  to  form  a 
negatively  charged  molecular  ion  in  a  highly  excited  vibrational  state.  This  transfer 
process  can  occur  at  atomic  distances  of  0.5-0.7  nm,  which  is  far  from  molecular 
contact.  The  formed  molecular  ion  is  attracted  to  the  surface  and  chemisorbs  onto  it. 
Photoinduced  charge-transfer  processes  also  occur  in  the  photosynthesis  in  green 
plants  and  in  photoelectrochemical  cells  (solar  cells)  at  the  junction  between  two 
semiconductors  or  between  a  semiconductor  and  an  electrolyte  solution  [106]. 


13.3.3     Sintering  and  Cold  Welding 

When  macroscopic  particles  in  a  powder  or  in  a  suspension  come  into  molecular 
contact,  they  can  bond  together  to  form  a  network  or  solid  body  with  very  different 
density  and  shear  strength  compared  to  the  powder  (a  typical  example  is  porcelain). 
The  rate  of  bonding  is  dependent  on  the  surface  energy  (causing  a  stress  at  the  edge 
of  the  contact)  and  the  atomic  mobility  (diffusion  rate)  of  the  contacting  materials. 
To  increase  the  diffusion  rate,  objects  formed  from  powders  are  heated  to  about  one 
half  of  the  melting  temperature  of  the  components  in  a  process  called  sintering, 
which  can  be  done  in  various  atmospheres  or  in  a  liquid. 

In  the  sintering  process,  the  surface  energy  of  the  system  is  lowered  due  to  the 
reduction  of  total  surface  area  (Fig.  13.4c).  In  metal  and  ceramic  systems,  the  most 
important  mechanism  is  solid-state  diffusion,  initially  surface  diffusion.  As  the 
surface  area  decreases  and  the  grain  boundaries  increase  at  the  contacts,  grain 
boundary  diffusion  and  diffusion  through  the  crystal  lattice  become  more  important 
[107].  The  grain  boundaries  will  eventually  migrate,  so  that  larger  particles  are 
formed  (coarsening).  Mass  can  also  be  transferred  through  evaporation  and  conden- 
sation, and  through  viscous  and  plastic  flow.  In  liquid-phase  sintering,  the  materials 
can  melt,  which  increases  the  mass  transport.  Amorphous  materials  like  polymers 
and  glasses  do  not  have  real  grain  boundaries  and  sinter  by  viscous  flow  [108]. 

Some  of  these  mechanisms  (surface  diffusion  and  evaporation-condensation) 
reduce  the  surface  area  and  increase  the  grain  size  (coarsening)  without  densifica- 
tion,  in  contrast  to  bulk  transport  mechanisms  such  as  grain-boundary  diffusion  and 
plastic  and  viscous  flow.  As  the  material  becomes  denser,  elongated  pores  collapse 
to  form  smaller,  spherical  pores  with  a  lower  surface  energy.  Models  for  sintering 
typically  consider  the  size  and  growth  rate  of  the  grain  boundary  (the  "neck") 
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formed  between  two  spherical  particles.  At  a  high  stage  of  densification,  the 
sintering  stress  a  at  the  curved  neck  between  two  particles  is  given  by  [108] 

ff  =  2M  +  2ysV;  (131Q) 

G  ;-p 

where  yss  is  the  solid-solid  grain  boundary  energy,  }'sv  is  the  solid-vapor  surface 
energy,  G  is  the  grain  size,  and  rp  is  the  radius  of  the  pore. 

A  related  phenomenon  is  cold  welding,  which  is  the  spontaneous  formation 
of  strong  junctions  between  clean  (unoxidized)  metal  surfaces  with  a  mutual 
solubility  when  they  are  brought  into  contact,  with  or  without  an  applied  pres- 
sure. The  plastic  deformations  accompanying  the  formation  and  breaking  of 
such  contacts  on  a  molecular  scale  during  motion  of  one  surface  normally 
(Fig.  13.10c,d)  or  laterally  (shearing)  with  respect  to  the  other  have  been  studied 
both  experimentally  [109,  110]  and  theoretically  [111—116].  The  breaking  of  a 
cold-welded  contact  is  generally  associated  with  damageor  deformation  of  the 
surface  structure. 


13.4    Normal  Forces  Between  Surfaces  in  Liquids 
13.4.1     Van  der  Waals  Forces  in  Liquids 

The  dispersion  interaction  in  a  medium  will  be  significantly  lower  than  in  vacuum, 
since  the  attractive  interaction  between  two  solute  molecules  in  a  medium  (solvent) 
involves  displacement  and  reorientation  of  the  nearest-neighbor  solvent  molecules. 
Even  though  the  surrounding  medium  may  change  the  dipole  moment  and  polariz- 
ability  from  that  in  vacuum,  the  interaction  between  two  identical  molecules 
remains  attractive  in  a  binary  mixture.  The  extension  of  the  interactions  to  the 
case  of  two  macroscopic  bodies  is  the  same  as  described  in  Sect.  13.3.1.  Typically, 
the  Hamaker  constants  for  interactions  in  a  medium  are  an  order  of  magnitude 
lower  than  in  vacuum.  Between  macroscopic  surfaces  in  liquids,  van  der  Waals 
forces  become  important  at  distances  below  10-15  nm  and  may  at  these  distances 
start  to  dominate  interactions  of  different  origin  that  have  been  observed  at  larger 
separations. 

Figure  13.5  shows  the  measured  van  der  Waals  forces  between  two  crossed- 
cylindrical  mica  surfaces  in  water  and  various  salt  solutions.  Good  agreement  is 
obtained  between  experiment  and  theory.  At  larger  surface  separations,  above  about 
5  nm,  the  measured  forces  fall  off  more  rapidly  than  D~  .  This  retardation  effect 
(Sect.  13.3.1)  is  also  predicted  by  the  Lifshitz  theoryand  is  due  to  the  time  needed 
for  propagation  of  the  induced  dipole  moments  over  large  distances. 

From  Fig.  13.5,  we  may  conclude  that,  at  separations  above  about  2  nm,  or 
8  molecular  diameters  of  water,  the  continuum  Lifshitz  theory  is  valid.  This  would 
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Fig.  13.5  Attractive  van  der  Waals  force  F  between  two  curved  mica  surfaces  of  radius  R  sa  1  cm 
measured  in  water  and  various  aqueous  electrolyte  solutions.  The  electrostatic  interaction  has  been 
subtracted  from  the  total  measured  force.  The  measured  nonretarded  Hamaker  constant  is 
Ah  =  2.2  x  10~20J.  Retardation  effects  are  apparent  at  distances  larger  than  5  nm,  as  expected 
theoretically  (after  [2],  ©  1991,  with  permission  from  Elsevier  Science) 


mean  that  water  films  as  thin  as  2  nm  may  be  expected  to  have  bulklike  properties, 
at  least  as  far  as  their  interaction  forces  are  concerned.  Similar  results  have  been 
obtained  with  other  liquids,  where  in  general  continuum  properties  are  manifested, 
both  as  regards  their  interactions  and  other  properties  such  as  viscosity,  at  a  film 
thickness  larger  than  5  or  10  molecular  diameters.  In  the  absence  of  a  solvent 
(in  vacuum),  the  agreement  of  measured  van  der  Waals  forces  with  the  continuum 
Lifshitz  theory  is  generally  good  at  all  separations  down  to  molecular  contact 
(D=D0). 

Van  der  Waals  interactions  in  a  system  of  three  or  more  different  materials 
(13.8)  can  be  attractive  or  repulsive,  depending  on  their  dielectric  properties. 
Numerous  experimental  studies  show  the  attractive  van  der  Waals  forces  in 
various  systems  [2],  and  repulsive  van  der  Waals  forces  have  also  been  measured 
directly  [117,  118].  A  practical  consequence  of  the  repulsive  interaction  obtained 
across  a  medium  with  intermediate  dielectric  properties  is  that  the  van  der  Waals 
forces  will  give  rise  to  preferential,  nonspecific  adsorption  of  molecules  with  an 
intermediate  dielectric  constant.  This  is  commonly  seen  as  adsorption  of  vapors  or 
solutes  to  a  solid  surface.  It  is  also  possible  to  diminish  the  attractive  interaction 
between  dispersed  colloidal  particles  by  adsorption  of  a  thin  layer  of  material  with 
dielectric  properties  close  to  those  of  the  surrounding  medium  (matching  of 
refractive  index),  or  by  adsorption  of  a  polymer  that  gives  a  steric  repulsive 
force  that  keeps  the  particles  separated  at  a  distance  where  the  magnitude  of  the 
van  der  Waals  attraction  is  negligible.  Thermal  motion  will  then  keep  the  particles 
dispersed. 
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13.4.2    Electrostatic  and  Ion  Correlation  Forces 

Most  surfaces  in  contact  with  a  highly  polar  liquid  (such  as  water)  acquire  a  surface 
charge,  either  by  dissociation  of  ions  from  the  surface  into  the  solution  or  by 
preferential  adsorption  of  certain  ions  from  the  solution.  The  surface  charge  is 
balanced  by  a  layer  of  oppositely  charged  ions  (counterions)  in  the  solution  at  some 
small  distance  from  the  surface  [2].  In  dilute  solution,  this  distance  is  the  Debye 
length  k~  which  is  purely  a  property  of  the  electrolyte  solution.  The  Debye  length 
falls  with  increasing  ionic  strength  (i.e.,  with  the  molar  concentration  M,  and 
valency  z,)  of  the  ions  in  solution 

K  =Uas*?J  '  (mi) 


where  e  is  the  electronic  charge.  For  example,  for  1:1  electrolytes  at  25  °C, 
k_1  =  0.304 nm/v/Afi:i,  where  M,-  is  given  in  M  (mol  dm-3).  k_1  is  thus  about 
10  nm  in  a  1  mM  NaCl  solution  and  0.3  nm  in  a  1M  solution.  In  totally  pure  water  at 
pH  7,  where  M,  =  10~7  M,  k_1  is  960  nm,  or  about  1  urn.  The  Debye  length  also 
relates  the  surface  charge  density  c  of  a  surface  to  the  electrostatic  surface  potential 
i//0  via  the  Grahame  equation,  which  for  1 : 1  electrolytes  can  be  expressed  as 

a  =  v/8££O£rsinh(^0  x  ^M^N~A.  (13.12) 

Since  the  Debye  length  is  a  measure  of  the  thickness  of  the  diffuse  atmosphere  of 
counterions  near  a  charged  surface,  it  also  determines  the  range  of  the  electrostatic 
"double-layer"  interaction  between  two  charged  surfaces.  The  electrostatic  double- 
layer  interaction  is  an  entropic  effect  that  arises  upon  decreasing  the  thickness  of  the 
liquid  film  containing  the  dissolved  ions.  Because  of  the  attractive  force  between 
the  dissolved  ions  and  opposite  charges  on  the  surfaces,  the  ions  stay  between  the 
surfaces,  but  an  osmotic  repulsion  arises  as  their  concentration  increases.  The  long- 
range  electrostatic  interaction  energy  at  large  separations  (weak  overlap)  between 
two  similarly  charged  molecules  or  surfaces  is  typically  repulsive  and  is  roughly  an 
exponentially  decaying  function  of  D 

E(p)t*  +CESe-KD,  (13.13) 

where  CEs  is  a  constant  that  depends  on  the  geometry  of  the  interacting  surfaces,  on 
their  surface  charge  density,  and  the  solution  conditions  (Table  13.3).  We  see  that  the 
Debye  length  is  the  decay  length  of  the  interaction  energy  between  two  surfaces  (and 
of  the  mean  potential  away  from  one  surface).  CEs  can  be  determined  by  solving  the 
so-called  Poisson-Boltzmann  equation  or  by  using  other  theories  [119-123].  The 
equations  in  Table  13.3  are  expressed  in  terms  of  a  constant  Z  defined  as 
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Table  13.3  Electrical  double-layer  interaction  energy  E(D)  and  force  (F  =  — d£/dD)  between 
macroscopic  bodies.  The  interaction  energy  and  force  for  bodies  of  different  geometries  is  based  on 
the  Poisson-Boltzmann  equation  (a  continuum,  mean-field  theory).  Equation  (13.14)  gives  the 
interaction  constant  Z  (in  terms  of  the  surface  potential  \fj0)  for  the  interaction  between  similarly 
charged  (ionized)  surfaces  in  aqueous  solutions  of  monovalent  electrolyte.  It  can  also  be 
expressed  in  terms  of  the  surface  charge  density  a  by  applying  the  Grahame  equation  (13.12) 
(after  [15],  with  permission) 
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Z  =  64neeo(^\^(0),  (13.14) 

which  depends  only  on  the  properties  of  the  surfaces. 

The  above  approximate  expressions  are  accurate  only  for  surface  separations 
larger  than  about  one  Debye  length.  At  smaller  separations  one  must  use  numerical 
solutions  of  the  Poisson-Boltzmann  equation  to  obtain  the  exact  interaction  poten- 
tial, for  which  there  are  no  simple  expressions.  In  the  limit  of  small  D,  it  can  be 
shown  that  the  interaction  energy  depends  on  whether  the  surfaces  remain  at 
constant  potential  \]/0  (as  assumed  in  the  above  equations)  or  at  constant  charge  a 
(when  the  repulsion  exceeds  that  predicted  by  the  above  equations),  or  somewhere 
between  these  limits.  In  the  "constant  charge  limit"  the  total  number  of  counterions 
in  the  compressed  film  does  not  change  as  D  is  decreased,  whereas  at  constant 
potential,  the  concentration  of  counterions  is  constant.  The  limiting  pressure  (or 
force  per  unit  area)  at  constant  charge  is  the  osmotic  pressure  of  the  confined  ions 

F  =  kaT  x  ion  number  density 

(13.15) 
=  2akB  T/  (zeD) ,      for  D  <  k~  l . 

That  is,  as  D  — ►  0  the  double-layer  pressure  at  constant  surface  charge  becomes 
infinitely  repulsive  and  independent  of  the  salt  concentration  (at  constant  potential 
the  force  instead  becomes  a  constant  at  small  D).  However,  at  small  separations,  the 
van  der  Waals  attraction  (which  goes  as  D~  between  two  spheres  or  as  D~~  between 
two  planar  surfaces,  see  Table  13.2)  wins  out  over  the  double-layer  repulsion,  unless 
some  other  short-range  interaction  becomes  dominant  (Sect.  13.4.4).  This  is  the 
theoretical  prediction  that  forms  the  basis  of  the  so-called  Derjaguin-Landau- 
Verwey-Overbeek  (DLVO)  theory  [119,  124],  illustrated  in  Fig.  13.6. 

Because  of  the  different  distance  dependence  of  the  van  der  Waals  and  electro- 
static interactions,  the  total  force  law,  as  described  by  the  DLVO  theory,  can  show 
several  minima  and  maxima.  Typically,  the  depth  of  the  outer  (secondary)  mini- 
mum is  a  few  kBT,  which  is  enough  to  cause  reversible  flocculation  of  particles  from 
an  aqueous  dispersion.  If  the  force  barrier  between  the  secondary  and  primary 
minimum  is  lowered,  for  example,  by  increasing  the  electrolyte  concentration, 
particles  can  be  irreversibly  coagulated  in  the  primary  minimum.  In  practice, 
other  forces  (described  in  the  following  sections)  often  appear  at  very  small 
separations,  so  that  the  full  force  law  between  two  surfaces  or  colloidal  particles 
in  solution  can  be  more  complex  than  might  be  expected  from  the  DLVO  theory. 

There  are  situations  when  the  double-layer  interaction  can  be  attractive  at  short 
range  even  between  surfaces  of  similar  charge,  especially  in  systems  with  charge 
regulation  due  to  dissociation  of  chargeable  groups  on  the  surfaces  [123,  125];  ion 
condensation  [126],  which  may  lower  the  effective  surface  charge  density  in 
systems  containing  di-  and  trivalent  counterions;  or  ion  correlation,  which  is  an 
additional  van  der  Waals-like  attraction  due  to  mobile  and  therefore  highly  polar- 
izable  counterions  located  at  the  surface  [127].  The  ion  correlation  (or  charge 
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Fig.  13.6  Schematic  plots  of  the  DLVO  interaction  potential  energy  E  between  two  flat,  charged 
surfaces  [or,  according  to  the  Derjaguin  approximation,  (13.3),  the  force  F  between  two  curved 
surfaces]  as  a  function  of  the  surface  separation  normalized  by  the  Debye  length  K_1.  The  van  der 
Waals  attraction  (inverse  power-law  dependence  on  D)  together  with  the  repulsive  electrostatic 
"double-layer"  force  (roughly  exponential)  at  different  surface  charge  a  (or  potential,  see  (13.12)) 
determine  the  net  interaction  potential  in  aqueous  electrolyte  solution  (after  [15]  with  permission) 

fluctuation)  force  becomes  significant  at  separations  below  4  nm  and  increases  with 
the  surface  charge  density  er  and  the  valency  z  of  the  counterions.  Computer 
simulations  have  shown  that,  at  high  charge  density  and  for  monovalent  counter- 
ions,  the  ion  correlation  force  can  reduce  the  effective  double-layer  repulsion  by 
10-15  %.  With  divalent  counterions,  the  ion  correlation  force  was  found  to  exceed 
the  double-layer  repulsion  and  the  total  force  then  became  attractive  at  a  separation 
below  2  nm  even  in  dilute  electrolyte  solution  [128].  Experimentally,  such  short- 
range  attractive  forces  have  been  found  between  charged  bilayers  [129,  130]  and 
also  in  other  systems  [131]. 


13.4.3     Solvation  and  Structural  Forces 


When  a  liquid  is  confined  within  a  restricted  space,  for  example,  a  very  thin 
film  between  two  surfaces,  it  ceases  to  behave  as  a  structureless  continuum.  At 
small  surface  separations  (below  about  10  molecular  diameters),  the  van  der  Waals 
force  between  two  surfaces  or  even  two  solute  molecules  in  a  liquid  (solvent)  is  no 
longer  a  smoothly  varying  attraction.  Instead,  there  arises  an  additional  "solvation" 
force  that  generally  oscillates  between  attraction  and  repulsion  with  distance,  with  a 
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Fig.  13.7  (a)  Solid  curve:  Forces  measured  between  two  mica  surfaces  across  saturated  linear 
chain  alkanes  such  as  /i-tetradecane  and  /i-hexadecane  [133,134].  The  0.4  nm  periodicity  of  the 
oscillations  indicates  that  the  molecules  are  preferentially  oriented  parallel  to  the  surfaces,  as 
shown  schematically  in  the  upper  insert.  The  theoretical  continuum  van  der  Waals  attraction  is 
shown  as  a  dotted  curve.  Dashed  curve:  Smooth,  nonoscillatory  force  law  exhibited  by  irregularly 
shaped  alkanes  (such  as  2-methyloctadecane)  that  cannot  order  into  well-defined  layers  (lower 
insert)  (after  [134,135]).  Similar  nonoscillatory  forces  are  also  observed  between  "rough"  sur- 
faces, even  when  these  interact  across  a  saturated  linear  chain  liquid.  This  is  because  the 
irregularly  shaped  surfaces  (rather  than  the  liquid)  now  prevent  the  liquid  molecules  from  ordering 
in  the  gap.  (b)  Forces  measured  between  charged  mica  surfaces  in  KC1  solutions  of  varying 
concentrations  [21].  In  dilute  solutions  (10~  and  10~  M),  the  measured  forces  are  excellently 
described  by  the  DLVO  theory,  based  on  exact  solutions  to  the  nonlinear  Poisson-Boltzmann 
equation  for  the  electrostatic  forces  and  the  Lifshitz  theory  for  the  van  der  Waals  forces  (using  a 
Hamaker  constant  of  AH  =2.2  x  10~20  J).  At  higher  concentrations,  as  more  hydrated  K+  cations 
adsorb  onto  the  negatively  charged  surfaces,  an  additional  hydration  force  appears  superimposed 
on  the  DLVO  interaction  at  distances  below  3^1  nm.  This  force  has  both  an  oscillatory  and  a 
monotonic  component.  Insert:  Short-range  hydration  forcesbetween  mica  surfaces  shown  as 
pressure  versus  distance.  The  lower  and  upper  curves  show  surfaces  40  and  95%  saturated  with 
K+  ions.  At  larger  separations,  the  forces  are  in  good  agreement  with  the  DLVO  theory  (after  [2], 
©  1991,  with  permission  from  Elsevier  Science) 

periodicity  equal  to  some  mean  dimension  a  of  the  liquid  molecules  [132]. 
Figure  13.7a  shows  the  force  law  between  two  smooth  mica  surfaces  across  the 
hydrocarbon  liquid  tetradecane,  whose  inert,  chainlike  molecules  have  a  width  of 
a  s=i  0.4  nm. 

The  short-range  oscillatory  force  law  is  related  to  the  "density  distribution 
function"  and  "potential  of  mean  force"  characteristic  of  intermolecular  interac- 
tions in  liquids.  These  forces  arise  from  the  confining  effects  that  the  two  surfaces 
have  on  liquid  molecules,  forcing  them  to  order  into  quasi-discrete  layers.  Such 
layers  are  energetically  or  entropically  favored  and  correspond  to  the  minima  in  the 
free  energy,  whereas  fractional  layers  are  disfavored  (energy  maxima).  This  effect 
is  quite  general  and  arises  in  all  simple  liquids  when  they  are  confined  between  two 
smooth,  rigid  surfaces,  both  flat  and  curved.  Oscillatory  forces  do  not  require  any 
attractive  liquid-liquid  or  liquid-wall  interaction,  only  two  hard  walls  confining 
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molecules  whose  shape  is  not  too  irregular  and  that  are  free  to  exchange  with 
molecules  in  a  bulk  liquid  reservoir.  In  the  absence  of  any  attractive  pressure 
between  the  molecules,  the  bulk  liquid  density  could  be  maintained  by  an  external 
hydrostatic  pressure  -  in  real  liquids  attractive  van  der  Waals  forces  play  the  role  of 
such  an  external  pressure. 

Oscillatory  forces  are  now  well  understood  theoretically,  at  least  for  simple 
liquids,  and  a  number  of  theoretical  studies  and  computer  simulations  of  various 
confined  liquids  (including  water)  that  interact  via  some  form  of  Lennard-Jones 
potential  have  invariably  led  to  an  oscillatory  solvation  force  at  surface  separations 
below  a  few  molecular  diameters  [136-144].  In  a  first  approximation,  the  oscillatory 
force  law  may  be  described  by  an  exponentially  decaying  cosine  function  of  the  form 

E^Eocos(2nD/ff)e-D/,J,  (13.16) 

where  both  theory  and  experiments  show  that  the  oscillatory  period  and  the 
characteristic  decay  length  of  the  envelope  are  close  to  a. 

Once  the  solvation  zones  of  the  two  surfaces  overlap,  the  mean  liquid  density  in 
the  gap  is  no  longer  the  same  as  in  the  bulk  liquid.  Since  the  van  der  Waals 
interaction  depends  on  the  optical  properties  of  the  liquid,  which  in  turn  depends 
on  the  density,  the  van  der  Waals  and  the  oscillatory  solvation  forces  are  not  strictly 
additive.  It  is  more  correct  to  think  of  the  solvation  force  as  the  van  der  Waals  force 
at  small  separations  with  the  molecular  properties  and  density  variations  of  the 
medium  taken  into  account.  It  is  also  important  to  appreciate  that  solvation  forces 
do  not  arise  simply  because  liquid  molecules  tend  to  structure  into  semi-ordered 
layers  at  surfaces.  They  arise  because  of  the  disruption  or  change  of  this  ordering 
during  the  approach  of  a  second  surface.  The  two  effects  are  related;  the  greater  the 
tendency  toward  structuring  at  an  isolated  surface  the  greater  the  solvation  force 
between  two  such  surfaces,  but  there  is  a  real  distinction  between  the  two  phenom- 
ena that  should  be  borne  in  mind. 

Oscillatory  forces  lead  to  different  adhesion  values  depending  on  the  energy 
minimum  from  which  two  surfaces  are  being  separated.  For  an  interaction  energy 
described  by  (13.16),  "quantized"  adhesion  energies  will  be  EQ  at  D  =  0  (primary 
minimum),  E0/e.  at  D  —  a,  EQ/e.  at  D  =  2a,  etc.  EQ  can  be  thought  of  as  a  depletion 
force  (Sect.  13.4.5)  that  is  approximately  given  by  the  osmotic  limit  Eq  s=i—  kBT/a  , 
which  can  exceed  the  contribution  to  the  adhesion  energy  in  contact  from  the  van 
der  Waals  forces  (at  D0  rs  0.15-0.20  nm,  as  discussed  in  Sect.  13.3.1,  keeping  in 
mind  that  the  Lifshitz  theory  fails  to  describe  the  force  law  at  intermediate  dis- 
tances). Such  multivalued  adhesion  forces  have  been  observed  in  a  number  of 
systems,  including  the  interactions  of  fibers. 

Measurements  of  oscillatory  forces  between  different  surfaces  across  both 
aqueous  and  nonaqueous  liquids  have  revealed  their  richness  of  properties 
[145-149],  for  example,  their  great  sensitivity  to  the  shape  and  rigidity  of  the 
solvent  molecules,  to  the  presence  of  other  components,  and  to  the  structure  of 
the  confining  surfaces  (Sects.  13.5.3  and  13.9).  In  particular,  the  oscillations  can  be 
smeared  out  if  the  molecules  are  irregularly  shaped  (e.g.,  branched)  and  therefore 
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unable  to  pack  into  ordered  layers,  or  when  the  interacting  surfaces  are  rough  or 
fluidlike  (Sect.  13.4.6). 

It  is  easy  to  understand  how  oscillatory  forces  arise  between  two  flat,  plane 
parallel  surfaces.  Between  two  curved  surfaces,  e.g.,  two  spheres,  one  might 
imagine  the  molecular  ordering  and  oscillatory  forces  to  be  smeared  out  in  the 
same  way  that  they  are  smeared  out  between  two  randomly  rough  surfaces  (Sect. 
13.5.3);  however,  this  is  not  the  case.  Ordering  can  occur  as  long  as  the  curvature  or 
roughness  is  itself  regular  or  uniform,  i.e.,  not  random.  This  is  due  to  the  Derjaguin 
approximation  (13.3).  If  the  energy  between  two  flat  surfaces  is  given  by  a  decaying 
oscillatory  function  (for  example,  a  cosine  function  as  in  (13.16)),  then  the  force 
(and  energy)  between  two  curved  surfaces  will  also  be  an  oscillatory  function  of 
distance  with  some  phase  shift.  Likewise,  two  surfaces  with  regularly  curved 
regions  will  also  retain  their  oscillatory  force  profile,  albeit  modified,  as  long  as 
the  corrugations  are  truly  regular,  i.e.,  periodic.  On  the  other  hand,  surface  rough- 
ness, even  on  the  nanometer  scale,  can  smear  out  oscillations  if  the  roughness  is 
random  and  the  confined  molecules  are  smaller  than  the  size  of  the  surface 
asperities  [150,  151].  If  an  organic  liquid  contains  small  amounts  of  water,  the 
expected  oscillatory  force  can  be  replaced  by  a  strongly  attractive  capillary  force 
(Sect.  13.5.1). 


13.4.4    Hydration  and  Hydrophobic  Forces 

The  forces  occurring  in  water  and  electrolyte  solutions  are  more  complex  than  those 
occurring  in  nonpolar  liquids.  According  to  continuum  theories,  the  attractive  van 
der  Waals  force  is  always  expected  to  win  over  the  repulsive  electrostatic  "double- 
layer"  force  at  small  surface  separations  (Fig.  13.6).  However,  certain  surfaces 
(usually  oxide  or  hydroxide  surfaces  such  as  clays  or  silica)  swell  spontaneously  or 
repel  each  other  in  aqueous  solution,  even  at  high  salt  concentrations.  Yet  in  all 
these  systems  one  would  expect  the  surfaces  or  particles  to  remain  in  strong 
adhesive  contact  or  coagulate  in  a  primary  minimum  if  the  only  forces  operating 
were  DLVO  forces. 

There  are  many  other  aqueous  systems  in  which  the  DLVO  theory  fails  and 
where  there  is  an  additional  short-range  force  that  is  not  oscillatory  but  mono  tonic. 
Between  hydrophilic  surfaces  this  force  is  exponentially  repulsive  and  is  commonly 
referred  to  as  the  hydration,  or  structural,  force.  The  origin  and  nature  of  this  force 
has  long  been  controversial,  especially  in  the  colloidal  and  biological  literature. 
Repulsive  hydration  forces  are  believed  to  arise  from  strongly  hydrogen-bonding 
surface  groups,  such  as  hydrated  ions  or  hydroxyl  (-OH)  groups,  which  modify  the 
hydrogen-bonding  network  of  liquid  water  adjacent  to  them.  Because  this  network 
is  quite  extensive  in  range  [152],  the  resulting  interaction  force  is  also  of  relatively 
long  range. 

Repulsive  hydration  forces  were  first  extensively  studied  between  clay  surfaces 
[153].  More  recently,  they  have  been  measured  in  detail  between  mica  and  silica 
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surfaces  [21-23,  154],  where  they  have  been  found  to  decay  exponentially  with 
decay  lengths  of  about  1  nm.  Their  effective  range  is  3-5  nm,  which  is  about  twice 
the  range  of  the  oscillatory  solvation  force  in  water.  Empirically,  the  hydration 
repulsion  between  two  hydrophilic  surfaces  appears  to  follow  the  simple  equation 

E  =  Eoe~D/Xo,  (13.17) 

where  XQ  ps  0.6-1.1  nm  for  1:1  electrolytes  and  E0  —  3-30  mJ  m~2  depending  on 
the  hydration  (hydrophilicity)  of  the  surfaces,  higher  EQ  values  generally  being 
associated  with  lower  An  values. 

The  interactions  between  molecularly  smooth  mica  surfaces  in  dilute  electrolyte 
solutions  obey  the  DLVO  theory  (Fig.  13.7b).  However,  at  higher  salt  concentra- 
tions, specific  to  each  electrolyte,  hydrated  cations  bind  to  the  negatively  charged 
surfaces  and  give  rise  to  a  repulsive  hydration  force  [21,  22].  This  is  believed  to  be 
due  to  the  energy  needed  to  dehydrate  the  bound  cations,  which  presumably  retain 
some  of  their  water  of  hydration  on  binding.  This  conclusion  was  arrived  at  after 
noting  that  the  strength  and  range  of  the  hydration  forces  increase  with  the  known 
hydration  numbers  of  the  electrolyte  cations  in  the  order:  Mg  +>  Ca  +>  Li+^ 
Na  >  K+>  Cs+.  Similar  trends  are  observed  with  other  negatively  charged  colloi- 
dal surfaces. 

While  the  hydration  force  between  two  mica  surfaces  is  overall  repulsive  below 
a  distance  of  4  nm,  it  is  not  always  monotonic  below  about  1.5  nm  but  exhibits 
oscillations  of  mean  periodicity  of  0.25±0.03nm,  roughly  equal  to  the  diameter  of 
the  water  molecule.  This  is  shown  in  the  insert  in  Fig.  13.7b,  where  we  may  note 
that  the  first  three  minima  atD  —  0,  0.28,  and  0.56  nm  occur  at  negative  energies,  a 
result  that  rationalizes  observations  on  certain  colloidal  systems.  For  example,  clay 
platelets  such  as  montmorillonite  often  repel  each  other  increasingly  strongly  as 
they  come  closer  together,  but  they  are  also  known  to  stack  into  stable  aggregates 
with  water  interlayers  of  typical  thickness  0.25  and  0.55  nm  between  them 
[155,  156],  suggestive  of  a  turnabout  in  the  force  law  from  a  monotonic  repulsion 
to  discretized  attraction.  In  chemistry  we  would  refer  to  such  structures  as  stable 
hydrates  of  fixed  stoichiometry,  whereas  in  physics  we  may  think  of  them  as 
experiencing  an  oscillatory  force. 

Both  surface  force  and  clay  swelling  experiments  have  shown  that  hydration  forces 
can  be  modified  or  "regulated"  by  exchanging  ions  of  different  hydration  on  surfaces, 
an  effect  that  has  important  practical  applications  in  controlling  the  stability  of 
colloidal  dispersions.  It  has  long  been  known  that  colloidal  particles  can  be  precipi- 
tated (coagulated  or  flocculated)  by  increasing  the  electrolyte  concentration,  an  effect 
that  was  traditionally  attributed  to  the  reduced  screening  of  the  electrostatic  double- 
layer  repulsion  between  the  particles  due  to  the  reduced  Debye  length.  However,  there 
are  many  examples  where  colloids  are  stabilized  at  high  salt  concentrations,  not  at  low 
concentrations.  This  effect  is  now  recognized  as  being  due  to  the  increased  hydration 
repulsion  experienced  by  certain  surfaces  when  they  bind  highly  hydrated  ions  at 
higher  salt  concentrations.  Hydration  regulation  of  adhesion  and  interparticle  forces  is 
an  important  practical  method  for  controlling  various  processes  such  as  clay  swelling 
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[155,  156],  ceramic  processing  and  rheology  [157,  158],  material  fracture  [157],  and 
colloidal  particle  and  bubble  coalescence  [159]. 

Water  appears  to  be  unique  in  having  a  solvation  (hydration)  force  that  exhibits 
both  a  monotonic  and  an  oscillatory  component.  Between  hydrophilic  surfaces  the 
monotonic  component  is  repulsive  (Fig.  13.7b),  but  between  hydrophobic  surfaces 
it  is  attractive  and  the  final  adhesion  is  much  greater  than  expected  from  the  Lifshitz 
theory. 

A  hydrophobic  surface  is  one  that  is  inert  to  water  in  the  sense  that  it  cannot  bind 
to  water  molecules  via  ionic  or  hydrogen  bonds.  Hydrocarbons  and  fluorocarbons 
are  hydrophobic,  as  is  air,  and  the  strongly  attractive  hydrophobic  force  has  many 
important  manifestations  and  consequences  such  as  the  low  solubility  or  miscibility 
of  water  and  oil  molecules,  micellization,  protein  folding,  strong  adhesion  and  rapid 
coagulation  of  hydrophobic  surfaces,  non wetting  of  water  on  hydrophobic  surfaces, 
and  hydrophobic  particle  attachment  to  rising  air  bubbles  (the  basic  principle  of 
froth  flotation). 

In  recent  years,  there  has  been  a  steady  accumulation  of  experimental  data  on  the 
force  laws  between  various  hydrophobic  surfaces  in  aqueous  solution  [160-178]. 
These  studies  have  found  that  the  force  law  between  two  macroscopic  hydrophobic 
surfaces  is  of  surprisingly  long  range,  decaying  exponentially  with  a  characteristic 
decay  length  of  1-2  nm  in  the  separation  range  of  0-10  nm,  and  then  more 
gradually  further  out.  The  hydrophobic  force  can  be  far  stronger  than  the  van  der 
Waals  attraction,  especially  between  hydrocarbon  surfaces  in  water,  for  which  the 
Hamaker  constant  is  quite  small.  The  magnitude  of  the  hydrophobic  attraction  has 
been  found  to  decrease  with  the  decreasing  hydrophobicity  (increasing  hydrophi- 
licity)  of  lecithin  lipid  bilayer  surfaces  [32]  and  silanated  surfaces  [168],  whereas 
examples  of  the  opposite  trend  have  been  shown  for  some  Langmuir-Blodgett- 
deposited  monolayers  [179].  An  apparent  correlation  has  been  found  between  high 
stability  of  the  hydrophobic  surface  (as  measured  by  its  contact  angle  hysteresis) 
and  the  absence  of  a  long-range  part  of  the  attractive  force  [180]. 

For  two  surfaces  in  water  the  purely  hydrophobic  interaction  energy  (ignoring 
DLVO  and  oscillatory  forces)  in  the  range  0-10  nm  is  given  by 

E=  -2ye~D/h,  (13.18) 

where  typically  10  =1-2  nm,  and  y  =10-50  mJ  m-2.  The  higher  value  corre- 
sponds to  the  interfacial  energy  of  a  pure  hydrocarbon-water  interface. 

At  a  separation  below  10  nm,  the  hydrophobic  force  appears  to  be  insensitive  or 
only  weakly  sensitive  to  changes  in  the  type  and  concentration  of  electrolyte  ions  in 
the  solution.  The  absence  of  a  "screening"  effect  by  ions  attests  to  the  nonelectro- 
static  origin  of  this  interaction.  In  contrast,  some  experiments  have  shown  that, 
at  separations  greater  than  10  nm,  the  attraction  does  depend  on  the  intervening 
electrolyte,  and  that  in  dilute  solutions,  or  solutions  containing  divalent  ions,  it  can 
continue  to  exceed  the  van  der  Waals  attraction  out  to  separations  of  80  nm  [165, 
181].  Recent  research  suggests  that  the  interactions  at  very  long  range  might  not  be 
a  "hydrophobic"  force  since  they  are  influenced  by  the  presence  of  dissolved  gas  in 
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the  solution  [176,  177],  the  stability  of  the  hydrophobic  surface  [178,  180],  and,  on 
some  types  of  surfaces,  bridging  submicroscopic  bubbles  [172-174]. 

The  long-range  nature  of  the  hydrophobic  interaction  has  a  number  of  important 
consequences.  It  accounts  for  the  rapid  coagulation  of  hydrophobic  particles  in 
water  and  may  also  account  for  the  rapid  folding  of  proteins.  It  also  explains  the 
ease  with  which  water  films  rupture  on  hydrophobic  surfaces.  In  this  case,  the  van 
der  Waals  force  across  the  water  film  is  repulsive  and  therefore  favors  wetting,  but 
this  is  more  than  offset  by  the  attractive  hydrophobic  interaction  acting  between  the 
two  hydrophobic  phases  across  water.  Hydrophobic  forces  are  increasingly  being 
implicated  in  the  adhesion  and  fusion  of  biological  membranes  and  cells.  It  is 
known  that  both  osmotic  and  electric-field  stresses  enhance  membrane  fusion,  an 
effect  that  may  be  due  to  the  concomitant  increase  in  the  hydrophobic  area  exposed 
between  two  adjacent  surfaces. 

From  the  previous  discussion  we  can  infer  that  hydration  and  hydrophobic  forces 
are  not  of  a  simple  nature.  These  interactions  are  probably  the  most  important,  yet 
the  least  understood  of  all  the  forces  in  aqueous  solutions.  The  unusual  properties  of 
water  and  the  nature  of  the  surfaces  (including  their  homogeneity  and  stability) 
appear  to  be  equally  important.  Some  particle  surfaces  can  have  their  hydration 
forces  regulated,  for  example,  by  ion  exchange.  Others  appear  to  be  intrinsically 
hydrophilic  (e.g.,  silica)  and  cannot  be  coagulated  by  changing  the  ionic  condition, 
but  can  be  rendered  hydrophobic  by  chemically  modifying  their  surface  groups. 
For  example,  on  heating  silica  to  above  600  °C,  two  adjacent  surface  silanol  (-OH) 
groups  release  a  water  molecule  and  form  a  hydrophobic  siloxane  (-0-)  group, 
whence  the  repulsive  hydration  force  changes  into  an  attractive  hydrophobic  force. 

How  do  these  exponentially  decaying  repulsive  or  attractive  forces  arise?  Theo- 
retical work  and  computer  simulations  [138,  140,  182,  183]  suggest  that  the 
solvation  forces  in  water  should  be  purely  oscillatory,  whereas  other  theoretical 
studies  [184-191]  suggest  a  monotonically  exponential  repulsion  or  attraction, 
possibly  superimposed  on  an  oscillatory  force.  The  latter  is  consistent  with  experi- 
mental findings,  as  shown  in  the  inset  to  Fig.  13.7b,  where  it  appears  that 
the  oscillatory  force  is  simply  additive  with  the  monotonic  hydration  and 
DLVO  forces,  suggesting  that  these  arise  from  essentially  different  mechanisms. 
It  has  been  suggested  that  for  a  sufficiently  solvophilic  surface,  there  could  be 
"hydration"-like  forces  also  in  nonaqueous  systems  [190]. 

It  is  probable  that  the  short-range  hydration  force  between  all  smooth,  rigid,  or 
crystalline  surfaces  (e.g.,  mineral  surfaces  such  as  mica)  has  an  oscillatory  compo- 
nent. This  may  or  may  not  be  superimposed  on  a  monotonic  force  due  to  image 
interactions  [186],  dipole-dipole  interactions  [191],  and/or  structural  or  hydrogen- 
bonding  interactions  [184,  185]. 

Like  the  repulsive  hydration  force,  the  origin  of  the  hydrophobic  force  is  still 
unknown.  Luzar  et  al.  [188]  carried  out  a  Monte  Carlo  simulation  of  the  interaction 
between  two  hydrophobic  surfaces  across  water  at  separations  below  1.5  nm.  They 
obtained  a  decaying  oscillatory  force  superimposed  on  a  monotonically  attractive 
curve.  In  more  recent  computational  and  experimental  work  [192-195],  it  has  been 
suggested  that  hydrophobic  surfaces  generate  a  depleted  region  of  water  around 
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them,  and  that  a  long-range  attractive  force  due  to  depletion  arises  between  two 
such  surfaces.  Such  a  difference  in  density  might  also  cause  boundary  slip  of  water 
at  hydrophic  surfaces  [51,  196,  197]. 

It  is  questionable  whether  the  hydration  or  hydrophobic  force  should  be  viewed 
as  an  ordinary  type  of  solvation  or  structural  force  that  reflects  the  packing  of  water 
molecules.  The  energy  (or  entropy)  associated  with  the  hydrogen-bonding  network, 
which  extends  over  a  much  larger  region  of  space  than  the  molecular  correlations,  is 
probably  at  the  root  of  the  long-range  interactions  of  water.  The  situation  in  water 
appears  to  be  governed  by  much  more  than  the  molecular  packing  effects  that 
dominate  the  interactions  in  simpler  liquids. 


13.4.5    Polymer-Mediated  Forces 

Polymers  or  macromolecules  are  chainlike  molecules  consisting  of  many  identical 
segments  (monomers  or  repeating  units)  held  together  by  covalent  bonds.  The  size 
of  a  polymer  coil  in  solution  or  in  the  melt  is  determined  by  a  balance  between  van 
der  Waals  attraction  (and  hydrogen  bonding,  if  present)  between  polymer  segments, 
and  the  entropy  of  mixing,  which  causes  the  polymer  coil  to  expand.  In  polymer 
melts  above  the  glass  transition  temperature,  and  at  certain  conditions  in  solution, 
the  attraction  between  polymer  segments  is  exactly  balanced  by  the  entropy  effect. 
The  polymer  solution  will  then  behave  virtually  ideally,  and  the  density  distribution 
of  segments  in  the  coil  is  Gaussian.  This  is  called  the  theta  (0)  condition,  and  it 
occurs  at  the  theta  or  Flory  temperature  for  a  particular  combination  of  polymer  and 
solvent  or  solvent  mixture.  At  lower  temperatures  (in  a  poor  or  bad  solvent),  the 
polymer-polymer  interactions  dominate  over  the  entropic,  and  the  coil  will  shrink 
or  precipitate.  At  higher  temperatures  (good  solvent  conditions),  the  polymer  coil 
will  be  expanded. 

High-molecular-weight  polymers  form  large  coils,  which  significantly  affect  the 
properties  of  a  solution  even  when  the  total  mass  of  polymer  is  very  low.  The  radius 
of  the  polymer  coil  is  proportional  to  the  segment  length  a  and  the  number  of 
segments  n.  At  theta  conditions,  the  hydrodynamic  radius  of  the  polymer  coil  (the 
root-mean-square  separation  of  the  ends  of  one  polymer  chain)  is  theoretically 
given  by  Rh  —  a  n  ,  and  the  unperturbed  radius  of  gyration(the  average  root- 
mean-square  distance  of  a  segment  from  the  center  of  mass  of  the  molecule)  is 
Rg  =  a  (n/6)1  .  In  a  good  solvent  the  perturbed  size  of  the  polymer  coil,  the  Flory 
radius  RF,  is  proportional  to  «3/5. 

Polymers  interact  with  surfaces  mainly  through  van  der  Waals  and  electrostatic 
interactions.  The  physisorption  of  polymers  containing  only  one  type  of  segment  is 
reversible  and  highly  dynamic,  but  the  rate  of  exchange  of  adsorbed  chains  with 
free  chains  in  the  solution  is  low,  since  the  polymer  remains  bound  to  the  surface  as 
long  as  one  segment  along  the  chain  is  adsorbed.  The  adsorption  energy  per 
segment  is  on  the  order  of  kBT.  In  a  good  solvent,  the  conformation  of  a  polymer 
on  a  surface  is  very  different  from  the  coil  conformation  in  bulk  solution.  Polymers 
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adsorb  in  "trains",  separated  by  "loops"  extending  into  solution  and  dangling  "tails" 
(the  ends  of  the  chain).  Compared  to  adsorption  at  lower  temperatures,  good  solvent 
conditions  favor  more  of  the  polymer  chain  being  in  the  solvent,  where  it  can  attain 
its  optimum  conformation.  As  a  result,  the  extension  of  the  polymer  is  longer,  even 
though  the  total  amount  of  adsorbed  polymer  is  lower.  In  a  good  solvent,  the 
polymer  chains  can  also  be  effectively  repelled  from  a  surface,  if  the  loss  in 
conformational  entropy  close  to  the  surface  is  not  compensated  for  by  a  gain  in 
enthalpy  from  adsorption  of  segments.  In  this  case,  there  will  be  a  layer  of  solution 
(thickness  rs  R,,)  close  to  the  surfaces  that  is  depleted  of  polymer. 

The  interaction  forces  between  two  surfaces  across  a  polymer  solution  will 
depend  on  whether  the  polymer  adsorbs  onto  the  surfaces  or  is  repelled  from 
them,  and  also  on  whether  the  interaction  occurs  at  "true"  or  "restricted"  thermo- 
dynamic equilibrium.  At  true  or  full  equilibrium,  the  polymer  between  the  surfaces 
can  equilibrate  (exchange)  with  polymer  in  the  bulk  solution  at  all  surface  separa- 
tions. Some  theories  [198,  199]  predict  that,  at  full  equilibrium,  the  polymer  chains 
would  move  from  the  confined  gap  into  the  bulk  solution  where  they  could  attain 
entropically  more  favorable  conformations,  and  that  a  monotonic  attraction  at  all 
distances  would  result  from  bridging  and  depletion  interactions  (which  will  be 
discussed  below).  Other  theories  suggest  that  the  interaction  at  small  separations 
would  be  ultimately  repulsive,  since  some  polymer  chains  would  remain  in  the  gap 
due  to  their  attractive  interactions  with  many  sites  on  the  surface  (enthalpic)  -  more 
sites  would  be  available  to  the  remaining  polymer  chains  if  some  others  desorbed 
and  diffused  out  from  the  gap  [73,  200-202]. 

At  restricted  equilibrium,  the  polymer  is  kinetically  trapped,  and  the  adsorbed 
amount  is  thus  constant  as  the  surfaces  are  brought  toward  each  other,  but  the  chains 
can  still  rearrange  on  the  surfaces  and  in  the  gap.  Experimentally,  the  true  equilib- 
rium situation  is  very  difficult  to  attain,  and  most  experiments  are  done  at  restricted 
equilibrium  conditions.  Even  the  equilibration  of  conformations  assumed  in  theo- 
retical models  for  restricted  equilibrium  conditions  can  be  so  slow  that  this  condi- 
tion is  difficult  to  reach  experimentally. 

In  systems  of  adsorbing  polymer,  bridging  of  chains  from  one  surface  to  the 
other  can  give  rise  to  a  long-range  attraction,  since  the  bridging  chains  would  gain 
conformational  entropy  if  the  surfaces  were  closer  together.  In  poor  solvents,  both 
bridging  and  intersegment  interactions  contribute  to  an  attraction  [27].  However, 
regardless  of  solvent  and  equilibrium  conditions,  a  strong  repulsion  due  to  the 
osmotic  interactions  is  seen  at  small  surface  separations  in  systems  of  adsorbing 
polymers  at  restricted  equilibrium. 

In  systems  containing  high  concentrations  of  nonadsorbing  polymer,  the  differ- 
ence in  solute  concentration  in  the  bulk  and  between  the  surfaces  at  separations 
smaller  than  the  approximate  polymer  coil  diameter  (2Rg,  i.e.,  when  the  polymer 
has  been  squeezed  out  from  the  gap  between  the  surfaces)  may  give  rise  to  an 
attractive  osmotic  force  (the  "depletion  attraction")  [203-208].  In  addition,  if  the 
polymer  coils  become  initially  compressed  as  the  surfaces  approach  each  other,  this 
can  give  rise  to  a  repulsion  ("depletion  stabilization")  at  large  separations  [206].  For 
a  system  of  two  cylindrical  surfaces  or  radius  R,  the  maximum  depletion  force  Fdep 
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is  expected  to  occur  when  the  surfaces  are  in  contact  and  is  given  by  multiplying  the 
depletion  (osmotic)  pressure,  Pdep  =  pkBT,  by  the  contact  area  Ttr2,  where  r  is  given 
by  the  chord  theorem:  r2  =  (2R  -  Rg)Rg  w  2RR    [2] 


Pdep/R  =  ~2nRgpkBT, 


(13.19) 


where  p  is  the  number  density  of  the  polymer  in  the  bulk  solution. 

If  a  part  of  the  polymer  (typically  an  end  group)  is  different  from  the  rest  of  the 
chain,  this  part  may  preferentially  adsorb  to  the  surface.  End-adsorbed  polymer  is 
attached  to  the  surface  at  only  one  point,  and  the  extension  of  the  chain  is  dependent 
on  the  grafting  density,  i.e.,  the  average  distance  s  between  adsorbed  end  groups  on 
the  surface  (Fig.  13.8).  One  distinguishes  between  different  regions  of  increasing 
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Fig.  13.8  Experimentally  determined  forces  in  systems  of  two  interacting  polymer  layers:  (a) 
Polystyrene  brush  layers  grafted  via  an  adsorbing  chain-end  group  onto  mica  surfaces  in  toluene 
(a  good  solvent  for  polystyrene).  Left  curve:  MW  =  26,000  g/mol,  RF  =12  nm.  Right  cun>e: 
MW  =  14,0000  g/mol,  RF  =  32  nm.  Both  force  curves  were  reversible  on  approach  and  separa- 
tion. The  solid  curves  are  theoretical  fits  using  the  Alexander-de  Gennes  theory  with  the  following 
measured  parameters:  spacing  between  attachments  sites:  s  =  8.5  nm,  brush  thickness:  L  =  22.5 
and  65  nm,  respectively  (adapted  from  [209]).  (b)  Polyethylene  oxide  layers  physisorbed  onto 
mica  from  150  ug/ml  solution  in  aqueous  0.1  M  KN03  (a  good  solvent  for  polyethylene  oxide). 
Main  figure:  Equilibrium  forces  at  full  coverage  after  ~16  h  adsorption  time.  Left  curve: 
MW  =  160,000  g/mol,  Rg  =  32  nm.  Right  curve:  MW  =  1,100,000  g/mol,  Rg  =  86  nm.  Note 
the  hysteresis  (irreversibility)  on  approach  and  separation  for  this  physisorbed  layer,  in  contrast  to 
the  absence  of  hysteresis  with  grafted  chains  in  case  (a).  The  solid  curves  are  based  on  a  modified 
form  of  the  Alexander-de  Gennes  theory.  Insert  in  (b):  evolution  of  the  forces  with  the  time 
allowed  for  the  higher  MW  polymer  to  adsorb  from  solution.  Note  the  gradual  reduction  in  the 
attractive  bridging  component  (adapted  from  [210-212],  after  [2],  ©  1991,  with  permission  from 
Elsevier  Science) 
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overlap  of  the  chains  (stretching)  called  pancake,  mushroom,  and  brush  regimes 
[213].  In  the  mushroom  regime,  where  the  coverage  is  sufficiently  low  that  there  is 
no  overlap  between  neighboring  chains,  the  thickness  of  the  adsorbed  layer  is 
proportional  to  nl/2  (i.e.,  to  Rg)  at  theta  conditions  and  to  n3/5  in  a  good  solvent. 

Several  models  [213-218]  have  been  developed  for  the  extension  and  interac- 
tions between  two  brushes  (strongly  stretched  grafted  chains).  They  are  based  on  a 
balance  between  osmotic  pressure  within  the  brush  layers  (uncompressed  and 
compressed)  and  the  elastic  energy  of  the  chains  and  differ  mainly  in  the  assump- 
tions of  the  segment  density  profile,  which  can  be  a  step  function  or  parabolic.  At 
high  coverage  (in  the  brush  regime),  where  the  chains  will  avoid  overlapping  each 
other,  the  thickness  of  the  layer  is  proportional  to  n. 

Experimental  work  on  both  monodisperse  [28,  29,  209,  219]  and  polydisperse 
[31,  220]  systems  at  different  solvent  conditions  has  confirmed  the  expected  range 
and  magnitude  of  the  repulsive  interactions  resulting  from  compression  of  densely 
packed  grafted  layers. 


13.4.6    Thermal  Fluctuation  Forces 

If  a  surface  is  not  rigid  but  very  soft  or  even  fluidlike,  this  can  act  to  smear  out  any 
oscillatory  solvation  force.  This  is  because  the  thermal  fluctuations  of  such  inter- 
faces make  them  dynamically  "rough"  at  any  instant,  even  though  they  may  be 
perfectly  smooth  on  a  time  average.  The  types  of  surfaces  that  fall  into  this  category 
are  fluidlike  amphiphilic  surfaces  of  micelles,  bilayers,  emulsions,  soap  films,  etc., 
but  also  solid  colloidal  particle  surfaces  that  are  coated  with  surfactant  monolayers, 
as  occurs  in  lubricating  oils,  paints,  toners,  etc. 

These  thermal  fluctuation  forces  (also  called  entropic  or  steric  forces)  are  usually 
short  range  and  repulsive  and  are  very  effective  at  stabilizing  the  attractive  van  der 
Waals  forces  at  some  small  but  finite  separation.  This  can  reduce  the  adhesion 
energy  or  force  by  up  to  three  orders  of  magnitude.  It  is  mainly  for  this  reason  that 
fluidlike  micelles  and  bilayers,  biological  membranes,  emulsion  droplets,  or  gas 
bubbles  adhere  to  each  other  only  very  weakly. 

Because  of  their  short  range  it  was,  and  still  is,  commonly  believed  that  these 
forces  arise  from  water  ordering  or  "structuring"  effects  at  surfaces,  and  that  they 
reflect  some  unique  or  characteristic  property  of  water.  However,  it  is  now  known 
that  these  repulsive  forces  also  exist  in  other  liquids  [221,  222].  Moreover,  they 
appear  to  become  stronger  with  increasing  temperature,  which  is  unlikely  if  the 
force  originated  from  molecular  ordering  effects  at  surfaces.  Recent  experiments, 
theory,  and  computer  simulations  [223-226]  have  shown  that  these  repulsive  forces 
have  an  entropic  origin  arising  from  the  osmotic  repulsion  between  exposed 
thermally  mobile  surface  groups  once  these  overlap  in  a  liquid.  These  phenomena 
include  undulating  and  peristaltic  forces  between  membranes  or  bilayers,  and,  on 
the  molecular  scale,  protrusion  and  head-group  overlap  forces  where  the  interac- 
tions are  also  influenced  by  hydration  forces. 
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13.5     Adhesion  and  Capillary  Forces 
13.5.1     Capillary  Forces 

When  considering  the  adhesion  of  two  solid  surfaces  or  particles  in  air  or  in  a  liquid, 
it  is  easy  to  overlook  or  underestimate  the  important  role  of  capillary  forces, 
i.e.,  forces  arising  from  the  Laplace  pressure  of  curved  menisci  formed  by  conden- 
sation of  a  liquid  between  and  around  two  adhering  surfaces  (Fig.  13.9). 

The  adhesion  force  between  a  nondeformable  spherical  particle  of  radius  R  and  a 
flat  surface  in  an  inert  atmosphere  (Fig.  13.9a)  is 


Fad  =  4nRysv. 


(13.20) 


But  in  an  atmosphere  containing  a  condensable  vapor,  the  expression  above  is 
replaced  by 


4nR(yl 


'0  +  ySL) 


(13.21) 


where  the  first  term  is  due  to  the  Laplace  pressure  of  the  meniscus  and  the  second  is 
due  to  the  direct  adhesion  of  the  two  contacting  solids  within  the  liquid.  Note  that 
the  above  equation  does  not  contain  the  radius  of  curvature  r  of  the  liquid  meniscus 
(Fig.  13.9b).  This  is  because  for  smaller  r  the  Laplace  pressure  yj_y/r  increases,  but 
the  area  over  which  it  acts  decreases  by  the  same  amount,  so  the  two  effects  cancel 
out.  Experiments  with  inert  liquids,  such  as  hydrocarbons,  condensing  between  two 
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at  equilibrium 
and  pull-off 
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Fig.  13.9  Adhesion  and  capillary  forces:  (a)  a  nondeforming  sphere  on  a  rigid,  flat  surface  in  an 
inert  atmosphere  and  (b)  in  a  vapor  that  can  "capillary  condense"  around  the  contact  zone.  At 
equilibrium,  the  concave  radius  r  of  the  liquid  meniscus  is  given  by  the  Kelvin  equation.  For  a 
concave  meniscus  to  form,  the  contact  angle  0  has  to  be  less  than  90°.  In  the  case  of  hydrophobic 
surfaces  surrounded  by  water,  a  vapor  cavity  can  form  between  the  surfaces.  As  long  as  the 
surfaces  are  perfectly  smooth,  the  contribution  of  the  meniscus  to  the  adhesion  force  is  indepen- 
dent of;'  (after  [6]  with  permission),  (c)  Elastically  deformable  sphere  on  a  rigid  flat  surface  in  the 
absence  (Hertz)  and  presence  (JKR)  of  adhesion  ((a)  and  (c)  after  [2],  ©  1991,  with  permission 
from  Elsevier  Science) 
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mica  surfaces  indicate  that  (13.21)  is  valid  for  values  of  r  as  small  as  1-2  nm, 
corresponding  to  vapor  pressures  as  low  as  40%  of  saturation  [148,  227,  228]. 
Capillary  condensation  also  occurs  in  binary  liquid  systems,  e.g.,  when  water 
dissolved  in  hydrocarbon  liquids  condenses  around  two  contacting  hydrophilic 
surfaces  or  when  a  vapor  cavity  forms  in  water  around  two  hydrophobic  surfaces. 
In  the  case  of  water  condensing  from  vapor  or  from  oil,  it  also  appears  that  the  bulk 
value  of  7lv  is  applicable  for  meniscus  radii  as  small  as  2  nm. 

The  capillary  condensation  of  liquids,  especially  water,  from  vapor  can  have 
additional  effects  on  the  physical  state  of  the  contact  zone.  For  example,  if  the 
surfaces  contain  ions,  these  will  diffuse  and  build  up  within  the  liquid  bridge, 
thereby  changing  the  chemical  composition  of  the  contact  zone,  as  well  as  influen- 
cing the  adhesion.  In  the  case  of  surfaces  covered  with  surfactant  or  polymer 
molecules  (amphiphilic  surfaces),  the  molecules  can  turn  over  on  exposure  to 
humid  air,  so  that  the  surface  nonpolar  groups  become  replaced  by  polar  groups, 
which  renders  the  surfaces  hydrophilic.  When  two  such  surfaces  come  into  contact, 
water  will  condense  around  the  contact  zone  and  the  adhesion  force  will  also  be 
affected  -  generally  increasing  well  above  the  value  expected  for  inert  hydrophobic 
surfaces.  It  is  apparent  that  adhesion  in  vapor  or  a  solvent  is  often  largely  deter- 
mined by  capillary  forces  arising  from  the  condensation  of  liquid  that  may  be 
present  only  in  very  small  quantities,  e.g.,  10-20%  of  saturation  in  the  vapor,  or 
20  ppm  in  the  solvent. 


13.5.2    Adhesion  Mechanics 

Two  bodies  in  contact  deform  as  a  result  of  surface  forces  and/or  applied  normal 
forces.  For  the  simplest  case  of  two  interacting  elastic  spheres  (a  model  that  is  easily 
extended  to  an  elastic  sphere  interacting  with  an  undeformable  surface,  or  vice 
versa)  and  in  the  absence  of  attractive  surface  forces,  the  vertical  central  displace- 
ment (compression)  was  derived  by  Hertz  [229]  (Fig.  13.9c).  In  this  model,  the 
displacement  and  the  contact  area  are  equal  to  zero  when  no  external  force  (load)  is 
applied,  i.e.,  at  the  points  of  contact  and  of  separation.  The  contact  area  A  increases 
with  normal  force  or  load  as  L2/3. 

In  systems  where  attractive  surface  forces  are  present  between  the  surfaces,  the 
deformations  are  more  complicated.  Modern  theories  of  the  adhesion  mechanics 
of  two  contacting  solid  surfaces  are  based  on  the  Johnson-Kendall-Roberts  (JKR) 
theory  [6,  230],  or  on  the  Derjaguin-Muller-Toporov  (DMT)  theory  [231-233]. 
The  JKR  theory  is  applicable  to  easily  deformable,  large  bodies  with  high 
surface  energy,  whereas  the  DMT  theory  better  describes  very  small  and  hard 
bodies  with  low  surface  energy  [234].  The  intermediate  regime  has  also  been 
described  [235]. 

In  the  JKR  theory,  two  spheres  of  radii  Rx  and  R2,  bulk  elastic  modulus  K,  and 
surface  energy  y  will  flatten  due  to  attractive  surface  forces  when  in  contact  at  no 
external  load.  The  contact  area  will  increase  under  an  external  load  L  or  normal 
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force  F,  such  that  at  mechanical  equilibrium  the  radius  of  the  contact  area  r  is 
given  by 


P  =  « 
K 


F  +  6nRy  +  \l  \2nRyF  +  (6nRy)2 


(13.22) 


where  R  =  R^R^JiR^  +  R2).  In  the  absence  of  surface  energy  y  equation  (13.22)  is 
reduced  to  the  expression  for  the  radius  of  the  contact  area  in  the  Hertz  model.  Another 
important  result  of  the  JKR  theory  gives  the  adhesion  force  or  "pull-off  force 


ad 


-3nRys,  (13.23) 


where  the  surface  energy  ys  is  defined  through  W  —  2ys,  where  W  is  the  reversible 
work  of  adhesion.  Note  that,  according  to  the  JKR  theory,  a  finite  elastic  modulus  K 
while  having  an  effect  on  the  load-area  curve,  has  no  effect  on  the  adhesion  force, 
an  interesting  and  unexpected  result  that  has  nevertheless  been  verified  experimen- 
tally [16,  236-238]. 

Equations  (13.22)  and  (13.23)  provide  the  framework  for  analyzing  results  of 
adhesion  measurements  (Fig.  13.10)  of  contacting  solids,  known  as  contact 
mechanics  [230,  239],  and  for  studying  the  effects  of  surface  conditions  and  time 
on  adhesion  energy  hysteresis  (Sect.  13.5.4). 

The  JKR  theory  has  been  extended  [240,  241]  to  consider  rigid  or  elastic 
substrates  separated  by  thin  compliant  layers  of  very  different  elastic  moduli,  a 
situation  commonly  encountered  in  SFA  and  AFM  experiments.  The  deformation 
of  the  system  is  then  strongly  dependant  on  the  ratio  of  r  to  the  thickness  of  the 
confined  layer.  At  small  r  (low  L),  the  deformation  occurs  mostly  in  the  thin 
confined  layer,  whereas  at  large  r  (large  L),  it  occurs  mainly  in  the  substrates. 
Because  of  the  changing  distribution  of  traction  across  the  contact,  the  adhesion 
force  in  a  layered  system  is  also  modified  from  that  of  isotropic  systems  (13.23) 
so  that  it  is  no  longer  independent  of  the  elastic  moduli. 


13.5.3    Effects  of  Surface  Structure,  Roughness, 
and  Lattice  Mismatch 

In  a  contact  between  two  rough  surfaces,  the  real  area  of  contact  varies  with  the 
applied  load  in  a  different  manner  than  between  smooth  surfaces  [242,  243].  For 
nonadhering  surfaces  exhibiting  an  exponential  distribution  of  elastically  deform- 
ing asperities  (spherical  caps  of  equal  radius),  it  has  been  shown  that  the  contact 
area  for  rough  surfaces  increases  approximately  linearly  with  the  applied  normal 
force  (load)  L  instead  of  as  L  for  smooth  surfaces  [242].  It  has  also  been  shown 
that  for  plastically  deforming  metal  microcontacts  the  real  contact  area  increases 
with  load  as  A  oc  L  [244,  245].  In  systems  with  attractive  surface  forces,  there  is  a 
competition  between  this  attraction  and  repulsive  forces  arising  from  compression 
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Fig.  13.10  Experimental  and  computer  simulation  data  on  contact  mechanics  for  ideal  Hertz  and 
JKR  contacts,  (a)  Measured  profiles  of  surfaces  in  nonadhesive  contact  (circles)  compared  with 
Hertz  profiles  (continuous  curves).  The  system  was  mica  surfaces  in  a  concentrated  KC1  solution  in 
which  they  do  not  adhere.  When  not  in  contact,  the  surface  shape  is  accurately  described  by  a 
sphere  of  radius  R  =  1.55  cm  (insert).  The  applied  loads  were  0.01,  0.02,  0.05,  and  0.21  N.  The 
last  profile  was  measured  in  a  different  region  of  the  surfaces  where  the  local  radius  of  curvature 
was  1.45  cm.  The  Hertz  profiles  correspond  to  central  displacements  of  <5  =  66.5,  124,  173,  and 
441  nm.  The  dashed  line  shows  the  shape  of  the  undeformed  sphere  corresponding  to  the  curve  at  a 
load  of  0.05  N;  it  fits  the  experimental  points  at  larger  distances  (not  shown),  (b)  Surface  profiles 
measured  with  adhesive  contact  (mica  surfaces  adhering  in  dry  nitrogen  gas)  at  applied  loads  of 
—0.005,  0.01,  and  0.12  N.  The  continuous  lines  are  JKR  profiles  obtained  by  adjusting  the  central 
displacement  in  each  case  to  get  the  best  fit  to  points  at  larger  distances.  The  values  are  <S  =—4.2, 
75.6,  and  256  nm.  Note  that  the  scales  of  this  figure  exaggerate  the  apparent  angle  at  the  junction 
of  the  surfaces.  This  angle,  which  is  insensitive  to  load,  is  only  about  0.25°.  (c,d)  Molecular 
dynamics  simulation  illustrating  the  formation  of  a  connective  neck  between  an  Ni  tip  (topmost 
eight  layers)  and  an  Au  substrate.  The  figures  show  the  atomic  configuration  in  a  slice  through  the 
system  at  indentation  (c)  and  during  separation  (d).  Note  the  crystalline  structure  of  the  neck. 
Distances  are  given  in  units  of  x  and  z,  where  x  =  1  and  z  =  1  correspond  to  6.12  nm  ((a,b)  after 
[236],  ©  1987,  with  permission  from  Elsevier  Science,  (c,d)  after  [112],  with  kind  permission 
from  Kluwer  Academic  Publishers) 


of  high  asperities.  As  a  result,  the  adhesion  in  such  systems  can  be  very  low, 
especially  if  the  surfaces  are  not  easily  deformed  [246,  248].  The  opposite  is 
possible  for  soft  (viscoelastic)  surfaces  where  the  real  (molecular)  contact  area 
might  be  larger  than  for  two  perfectly  smooth  surfaces  [249].  The  size  of  the  real 
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contact  area  at  a  given  normal  force  is  also  an  important  issue  in  studies  of 
nanoscale  friction,  both  of  single-asperity  contacts  (Sect.  13.7)  and  of  contacts 
between  rough  surfaces  (Sect.  13.9.2). 

Adhesion  forces  may  also  vary  depending  on  the  commensurability  of  the 
crystallographic  lattices  of  the  interacting  surfaces.  McGuiggan  and  Israelachvili 
[250]  measured  the  adhesion  between  two  mica  surfaces  as  a  function  of  the 
orientation  (twist  angle)  of  their  surface  lattices.  The  forces  were  measured  in  air, 
water,  and  an  aqueous  salt  solution  where  oscillatory  structural  forceswere  present. 
In  humid  air,  the  adhesion  was  found  to  be  relatively  independent  of  the  twist  angle 
0  due  to  the  adsorption  of  a  0.4  nm  thick  amorphous  layer  of  organics  and  water  at 
the  interface.  In  contrast,  in  water,  sharp  adhesion  peaks  (energy  minima)  occurred 
at  9  =0,  ±60,  ±120  and  180°,  corresponding  to  the  "coincidence"  angles  of  the 
surface  lattices  (Fig.  13.11).  As  little  as  ±1°  away  from  these  peaks,  the  energy 
decreased  by  50%.  In  aqueous  KC1  solution,  due  to  potassium  ion  adsorption  the 
water  between  the  surfaces  becomes  ordered,  resulting  in  an  oscillatory  force 
profile  where  the  adhesive  minima  occur  at  discrete  separations  of  about  0.25  nm, 
corresponding  to  integral  numbers  of  water  layers.  The  whole  interaction  potential 
was  now  found  to  depend  on  the  orientation  of  the  surface  lattices,  and  the  effect 
extended  at  least  four  molecular  layers. 

It  has  also  been  appreciated  that  the  structure  of  the  confining  surfaces  is  just  as 
important  as  the  nature  of  the  liquid  for  determining  the  solvation  forces  [111,  150, 
151,  252-256].  Between  two  surfaces  that  are  completely  flat  but  "unstructured", 
the  liquid  molecules  will  order  into  layers,  but  there  will  be  no  lateral  ordering 
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Fig.  13.11    Adhesion  energy 
for  two  mica  surfaces  in 
contact  in  water  (in  the 
primary  minimum  of  an 
oscillatory  force  curve)  as 
a  function  of  the  mismatch 
angle  8  about  6  =  0  and  180° 
between  the  mica  surface 
lattices  (after  [240]  with 
permission) 


10 


10 


1 

\ 

,w 

*-» a- 

-3-2-1012345 

Angle  9  (deg) 


13     Surface  Forces  and  Nanorheology  of  Molecularly  Thin  Films  143 

within  the  layers.  In  other  words,  there  will  be  positional  ordering  normal  but  not 
parallel  to  the  surfaces.  If  the  surfaces  have  a  crystalline  (periodic)  lattice,  this  may 
induce  ordering  parallel  to  the  surfaces,  as  well,  and  the  oscillatory  force  then  also 
depends  on  the  structure  of  the  surface  lattices.  Further,  if  the  two  lattices  have 
different  dimensions  ("mismatched"  or  "incommensurate"  lattices),  orif  the  lattices 
are  similar  but  are  not  in  register  relative  to  each  other,  the  oscillatory  force  law  is 
further  modified  [250,  257]  and  the  tribological  properties  of  the  film  are  also 
influenced,  as  discussed  in  Sect.  13.9  [257,  258]. 

As  shown  by  the  experiments,  these  effects  can  alter  the  magnitude  of  the 
adhesive  minima  found  at  a  given  separation  within  the  last  1  or  2  nm  of  a  thin 
film  by  a  factor  of  two.  The  force  barriers  (maxima)  may  also  depend  on  orientation. 
This  could  be  even  more  important  than  the  effects  on  the  minima.  A  high  barrier 
could  prevent  two  surfaces  from  coming  closer  together  into  a  much  deeper 
adhesive  well.  Thus  the  maxima  can  effectively  contribute  to  determining  not 
only  the  final  separation  of  two  surfaces,  but  also  their  final  adhesion.  Such 
considerations  should  be  particularly  important  for  determining  the  thickness  and 
strength  of  intergranular  spaces  in  ceramics,  the  adhesion  forces  between  colloidal 
particles  in  concentrated  electrolyte  solution,  and  the  forces  between  two  surfaces 
in  a  crack  containing  capillary  condensed  water. 

For  surfaces  that  are  randomly  rough,  oscillatory  forces  become  smoothed  out 
and  disappear  altogether,  to  be  replaced  by  a  purely  monotonic  solvation  force  [134, 
150,  151].  This  occurs  even  if  the  liquid  molecules  themselves  are  perfectly  capable 
of  ordering  into  layers.  The  situation  of  symmetric  liquid  molecules  confined 
between  rough  surfaces  is  therefore  not  unlike  that  of  asymmetric  molecules 
between  smooth  surfaces  (Sect.  13.4.3  and  Fig.  13.7a).  To  summarize,  for  there  to 
be  an  oscillatory  solvation  force,  the  liquid  molecules  must  be  able  to  be  correlated 
over  a  reasonably  long  range.  This  requires  that  both  the  liquid  molecules  and  the 
surfaces  have  a  high  degree  of  order  or  symmetry.  If  either  is  missing,  so  will  the 
oscillations.  Depending  on  the  size  of  the  molecules  to  be  confined,  a  roughness  of 
only  a  few  tenths  of  a  nanometer  is  often  sufficient  to  eliminate  any  oscillatory 
component  of  the  force  law  [43,  150]. 


13.5.4    Nonequilibrium  and  Rate-Dependent  Interactions: 
Adhesion  Hysteresis 

Under  ideal  conditions  the  adhesion  energy  is  a  well-defined  thermodynamic  quan- 
tity. It  is  normally  denoted  by  E  or  W  (the  work  of  adhesion)  or  y  (the  surface  tension, 
where  W  =  2y)  and  gives  the  reversible  work  done  on  bringing  two  surfaces 
together  or  the  work  needed  to  separate  two  surfaces  from  contact.  Under  ideal, 
equilibrium  conditions  these  two  quantities  are  the  same,  but  under  most  realistic 
conditions  they  are  not;  the  work  needed  to  separate  two  surfaces  is  always  greater 
than  that  originally  gained  by  bringing  them  together.  An  understanding  of  the 
molecular  mechanisms  underlying  this  phenomenon  is  essential  for  understanding 
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many  adhesion  phenomena,  energy  dissipation  during  loading-unloading  cycles, 
contact  angle  hysteresis,  and  the  molecular  mechanisms  associated  with  many 
frictional  processes. 

It  is  wrong  to  think  that  hysteresis  arises  because  of  some  imperfection  in  the 
system  such  as  rough  or  chemically  heterogeneous  surfaces,  or  because  the  supporting 
material  is  viscoelastic.  Adhesion  hysteresis  can  arise  even  between  perfectly  smooth 
and  chemically  homogenous  surfaces  supported  by  perfectly  elastic  materials.  It  can 
be  responsible  for  such  phenomena  as  rolling  friction  and  elastoplastic  adhesive 
contacts  [239,  259-262]  during  loading-unloading  and  adhesion-decohesion  cycles. 

Adhesion  hysteresis  may  be  thought  of  as  being  due  to  mechanical  effects  such 
as  instabilities,  or  chemical  effects  such  as  interdiffusion,  interdigitation,  molecular 
reorientations  and  exchange  processes  occurring  at  an  interface  after  contact,  as 
illustrated  in  Fig.  13.12.  Such  processes  induce  roughness  and  chemical  heteroge- 
neity even  though  initially  (and  after  separation  and  reequilibration)  both  surfaces 
are  perfectly  smooth  and  chemically  homogeneous.  In  general,  if  the  energy 
change,  or  work  done,  on  separating  two  surfaces  from  adhesive  contact  is  not 
fully  recoverable  on  bringing  the  two  surfaces  back  into  contact  again,  the  adhesion 
hysteresis  may  be  expressed  as 

WR    >     WA 

Receding       Advancing 

or 

AW  =  (WR  -  WA)  >  0,  (13.24) 

where  WR  and  WA  are  the  adhesion  or  surface  energies  for  receding  (separating)  and 
advancing  (approaching)  two  solid  surfaces,  respectively. 

Hysteresis  effects  are  also  commonly  observed  in  wetting/dewetting  phenomena 
[267].  For  example,  when  a  liquid  spreads  and  then  retracts  from  a  surface  the 
advancing  contact  angle  0A  is  generally  larger  than  the  receding  angle  6R.  Since  the 
contact  angle  0  is  related  to  the  liquid-vapor  surface  tension  yL  and  the  solid-liquid 
adhesion  energy  W  by  the  Dupre  equation 

(l  +  cos0)yL  =  W,  (13.25) 

we  see  that  wetting  hysteresis  or  contact  angle  hysteresis  (9A  >  6R)  actually 
impliesadhesion  hysteresis,  WR  >  WA,  as  given  by  (13.24). 

Energy-dissipating  processes  such  as  adhesion  and  contact  angle  hysteresis 
arise  because  of  practical  constraints  of  the  finite  time  of  measurements  and  the 
finite  elasticity  of  materials.  This  prevents  many  loading-unloading  or  approach- 
separation  cycles  from  being  thermodynamically  reversible,  even  though  they 
would  be  if  carried  out  infinitely  slowly.  By  thermodynamically  irreversible  one 
simply  means  that  one  cannot  go  through  the  approach-separation  cycle  via  a 
continuous  series  of  equilibrium  states,  because  some  of  these  are  connected  via 
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Fig.  13.12  (a)  Schematic  representation  of  interpenetrating  chains,  (b,  c)  JKR  plots  (contact 
radius  /'  as  a  function  of  applied  load  L)  showing  small  adhesion  hysteresis  for  uncrosslinked 
polystyrene  and  larger  adhesion  hysteresis  after  chain  scission  at  the  surfaces  after  18  h  irradiation 
with  ultraviolet  light  in  an  oxygen  atmosphere.  The  adhesion  hysteresis  continues  to  increase  with 
the  irradiation  time,  (b)  Rate-dependent  adhesion  of  hexadecyl  trimethyl  ammonium  bromide 
(CTAB)  surfactant  monolayers.  The  solid  curves  [263]  are  fits  to  experimental  data  on  CTAB 
adhesion  after  different  contact  times  [264]  using  an  approximate  analytical  solution  for  a  JKR 
model,  including  crack  tip  dissipation.  Due  to  the  limited  range  of  validity  of  the  approximation, 
the  fits  rely  on  the  part  of  the  experimental  data  with  low  effective  adhesion  energy  only.  From  the 
fits  one  can  determine  the  thermodynamic  adhesion  energy,  the  characteristic  dissipation  velocity, 
and  the  intrinsic  dissipation  exponent  of  the  model  ((a)  after  [265],  ©  1993  American  Chemical 
Society,  (b,c)  after  [266],  ©  2002  American  Association  for  the  Advancement  of  Science, 
(d)  after  [263],  ©  2000  American  Chemical  Society) 

spontaneous  -  and  therefore  thermodynamically  irreversible  -  instabilities  or  tran- 
sitions where  energy  is  liberated  and  therefore  "lost"  via  heat  or  phonon  release 
[268].  This  is  an  area  of  much  current  interest  and  activity,  especially  regarding  the 
fundamental  molecular  origins  of  adhesion  and  friction  in  polymer  and  surfactant 
systems,  and  the  relationships  between  them  [239,  260,  263,  264,  266,  269-272], 


13.6     Introduction:  Different  Modes  of  Friction  and 
the  Limits  of  Continuum  Models 


Most  frictional  processes  occur  with  the  sliding  surfaces  becoming  damaged  in  one 
form  or  another  [259].  This  may  be  referred  to  as  "normal"  friction.  In  the  case  of 
brittle  materials,  the  damaged  surfaces  slide  past  each  other  while  separated  by 
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relatively  large,  micrometer-sized  wear  particles.  With  more  ductile  surfaces, 
the  damage  remains  localized  to  nanometer-sized,  plastically  deformed  asperities. 
Some  features  of  the  friction  between  damaged  surfaces  will  be  described  in 
Sect.  13.7.4. 

There  are  also  situations  in  which  sliding  can  occur  between  two  perfectly 
smooth,  undamaged  surfaces.  This  may  be  referred  to  as  "interfacial"  sliding  or 
"boundary"  friction  and  is  the  focus  of  the  following  sections.  The  term  "boundary 
lubrication"  is  more  commonly  used  to  denote  the  friction  of  surfaces  that  contain  a 
thin  protective  lubricating  layer  such  as  a  surfactant  monolayer,  but  here  we  shall 
use  the  term  more  broadly  to  include  any  molecularly  thin  solid,  liquid,  surfactant, 
or  polymer  film. 

Experiments  have  shown  that,  as  a  liquid  film  becomes  progressively  thinner,  its 
physical  properties  change,  at  first  quantitatively  and  then  qualitatively  [45,  48, 
273-276].  The  quantitative  changes  are  manifested  by  an  increased  viscosity,  non- 
Newtonian  flow  behavior,  and  the  replacement  of  normal  melting  by  a  glass 
transition,  but  the  film  remains  recognizable  as  a  liquid  (Fig.  13.13).  In  tribology, 
this  regime  is  commonly  known  as  the  "mixed  lubrication"  regime,  where  the 
rheological  properties  of  a  film  are  intermediate  between  the  bulk  and  boundary 
properties.  One  may  also  refer  to  it  as  the  "intermediate"  regime  (Table  13.4). 


Friction  force 

Bound- 
ary 


Thick  film  (EHD) 


=10  nm 


Velocity  x  Viscosity 
Load 


Fig.  13.13  Stribeck  curve:  an  empirical  curve  giving  the  trend  generally  observed  in  the  friction 
forces  or  friction  coefficients  as  a  function  of  sliding  velocity,  the  bulk  viscosity  of  the  lubricating 
fluid,  and  the  applied  load  (normal  force).  The  three  friction/lubrication  regimes  are  known 
as  the  boundary  lubrication  regime  (Sect.  13.7),  the  intermediate  or  mixed  lubrication  regime 
(Sect.  13.8.2),  and  thick  film  or  elastohydrodynamic  (EHD)  lubrication  regime  (Sect.  13.8.1).  The 
film  thicknesses  believed  to  correspond  to  each  of  these  regimes  are  also  shown.  For  thick  films, 
the  friction  force  is  purely  viscous,  e.g.,  Couette  flow  at  low  shear  rates,  but  may  become 
complicated  at  higher  shear  rates  where  EHD  deformations  of  surfaces  can  occur  during  sliding 
(after  [6],  with  permission) 
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Table  13.4  The  three  main  tribological  regimes  characterizing  the  changing  properties  of  liquids 
subjected  toincreasing  confinement  between  two  solid  surfaces".  Based  on  work  by  Granick  [273], 
Hu  and  Granick  [274],  and  others  [39,265,277]  on  the  dynamic  properties  of  short  chain  molecules 
such  as  alkanes  and  polymer  melts  confined  between  surfaces 


Regime 


Conditions  for  getting  into 
this  regime 


Static/equilibrium 
properties 


Dynamic  properties'" 


Bulk 


Intermediate  mixed 


Boundary 


•  Thick  films 

(>  10  molecular 
diameters,  ^>  Rs  for 
polymers) 

t  Low  or  zero  loads 

>  High  shear  rates 


•  Intermediately  thick 

films  (4-10  molecular 
diameters,  ~  Rg  for 
polymers) 

•  Low  loads  or  pressure 


•  Molecularly  thin  films 

(<  4  molecular 
diameters) 

•  High  loads  or  pressure 

•  Low  shear  rates 

•  Smooth  surfaces  or 

asperities 


Bulk  (continuum) 
properties: 

•  Bulk  liquid  density 

•  No  long-range  order 


Modified  fluid  properties 
include: 

•  Modified  positional 

and  orientational 
order" 

•  Medium-  to  long-range 

molecular 
conelations 

•  Highly  entangled  states 
Onset  of  nonfluidlike 

properties: 

•  Liquidlike  to  solidlike 

phase  transitions 

•  Appearance  of  new 

liquid-crystalline 
states 

•  Epitaxially  induced 

long-  range  ordering 


Bulk  (continuum) 
properties: 

•  Newtonian  viscosity 

•  Fast  relaxation  times 

•  No  glass  temperature 

•  No  yield  point 

•  Elastohydrodynamic 

lubrication 
Modified  rheological 
properties  include: 

•  Non-Newtonian  flow 

•  Glassy  states 

•  Long  relaxation  times 

•  Mixed  lubrication 


Onset  of  tribological 
properties: 

•  No  flow  until  yield 

point  or  critical 
shear  stress  reached 

•  Solidlike  film 

behavior 
characterized  by 
defect  diffusion, 
dislocation  motion, 
shear  melting 

•  Boundary  lubrication 


"Confinement  canlead  to  an  increased  or  decreased  order  in  a  film,  depending  both  on  the  surface 
lattice  structure  and  the  geometry  of  the  confining  cavity 

In  each  regime  both  the  static  and  dynamic  properties  change.  The  static  properties  include  the 
film  density,  the  density  distribution  function,  the  potential  of  mean  force,  and  various  positional 
and  orientational  order  parameters 

cDynamic  properties  include  viscosity,  viscoelastic  constants,  and  tribological  yieldpoints  such  as 
the  friction  coefficient  and  critical  shear  stress 


For  even  thinner  films,  the  changes  in  behavior  are  more  dramatic,  resulting  in 
a  qualitative  change  in  properties.  Thus  first-order  phase  transitions  can  now  occur 
to  solid  or  liquid-crystalline  phases  [47,  255,  263,  277,  278-281],  whose  proper- 
ties can  no  longer  be  characterized  even  qualitatively  in  terms  of  bulk  or  contin- 
uum liquid  properties  such  as  viscosity.  These  films  now  exhibit  yield  points 
(characteristic  of  fracture  in  solids)  and  their  molecular  diffusion  and  relaxation 
times  can  be  ten  orders  of  magnitude  longer  than  in  the  bulk  liquid  or  even  in 
films  that  are  just  slightly  thicker.  The  three  friction  regimes  are  summarized  in 
Table  13.4. 
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13.7     Relationship  Between  Adhesion  and  Friction  Between 
Dry  (Unlubricated  and  Solid  Boundary  Lubricated) 
Surfaces 

13. 7.1    Amontons'  Law  and  Deviations  from  It  Due  to  Adhesion: 
The  Cobblestone  Model 

Early  theories  and  mechanisms  for  the  dependence  of  friction  on  the  applied  normal 
force  or  load  L  were  developed  by  da  Vinci  et  al.  [282].  For  the  macroscopic  objects 
investigated,  the  friction  was  found  to  be  directly  proportional  to  the  load,  with  no 
dependence  on  the  contact  area.  This  is  described  by  the  so-called  Amontons'  law 

F  =  fjL,  (13.26) 

where  F  is  the  shear  or  friction  force  and  /( is  a  constant  defined  as  the  coefficient  of 
friction.  This  friction  law  has  a  broad  range  of  applicability  and  is  still  the  principal 
means  of  quantitatively  describing  the  friction  between  surfaces.  However,  partic- 
ularly in  the  case  of  adhering  surfaces,  Amontons'  law  does  not  adequately  describe 
the  friction  behavior  with  load,  because  of  the  finite  friction  force  measured  at  zero 
and  even  negative  applied  loads. 

When  a  lateral  force,  or  shear  stress,  is  applied  to  two  surfaces  in  adhesive 
contact,  the  surfaces  initially  remain  "pinned"  to  each  other  until  some  critical  shear 
force  is  reached.  At  this  point,  the  surfaces  begin  to  slide  past  each  other  either 
smoothly  or  in  jerks.  The  frictional  force  needed  to  initiate  sliding  from  rest  is 
known  as  the  static  friction  force,  denoted  by  Fs,  while  the  force  needed  to  maintain 
smooth  sliding  is  referred  to  as  the  kinetic  or  dynamic  friction  force,  denoted  by  Fk. 
In  general,  Fs  >  Fk.  Two  sliding  surfaces  may  also  move  in  regular  jerks,  known  as 
stick-slip  sliding,  which  is  discussed  in  more  detail  in  Sect.  13.8.3.  Such  friction 
forces  cannot  be  described  by  models  used  for  thick  films  that  are  viscous  (Sect. 
13.8.1)  and,  therefore,  shear  as  soon  as  the  smallest  shear  force  is  applied. 

In  Sects.  13.7  and  13.8  we  will  be  concerned  mainly  with  single-asperity 
contacts.  Experimentally,  it  has  been  found  that  during  both  smooth  and  stick-slip 
sliding  at  small  film  thicknesses  the  local  geometry  of  the  contact  zone  remains 
largely  unchanged  from  the  static  geometry  [46].  In  an  adhesive  contact,  the  contact 
area  as  a  function  of  load  is  thus  generally  well  described  by  the  JKR  equation, 
(13.22).  The  friction  force  between  two  molecularly  smooth  surfaces  sliding  in 
adhesive  contact  is  not  simply  proportional  to  the  applied  load  L  as  might  be 
expected  from  Amontons'  law.  There  is  an  additional  adhesion  contribution  that 
is  proportional  to  the  area  of  contact,  A.  Thus,  in  general,  the  interfacial  friction 
force  of  dry,  unlubricated  surfaces  sliding  smoothly  past  each  other  in  adhesive 
contact  is  given  by 

F  =  Fk  =  ScA  +  fiL,  (13.27) 
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where  Sc  is  the  "critical  shear  stress"  (assumed  to  be  constant),  A  =  nr2  is  the 
contact  area  of  radius  r  given  by  (13.22),  and  ,uis  the  coefficient  of  friction.  For  low 
loads  we  have 

F  =  SCA  =  Sciir2 

2/3  (13.28) 


5C  71 


-  ( L  +  6nRy  +  \J\2nRyL  +  (6nRy)2 


whereas  for  high  loads  (or  high  fi),  or  when  y  is  very  low  [283-287],  (13.27)  reduces 
to  Amontons'  law:  F  =  fiL.  Depending  on  whether  the  friction  force  in  (13.27)  is 
dominated  by  the  first  or  second  term,  one  may  refer  to  the  friction  as  adhesion- 
controlled  or  load-controlled,  respectively. 

The  following  friction  model,  first  proposed  by  Tabor  [288]  and  developed 
further  by  Sutcliffe  et  al.  [289],  McClelland  [290],  and  Homola  et  al.  [46],  has 
been  quite  successful  at  explaining  the  interfacial  and  boundary  friction  of  two  solid 
crystalline  surfaces  sliding  past  each  other  in  the  absence  of  wear.  The  surfaces  may 
be  unlubricated,  or  they  may  be  separated  by  a  monolayer  or  more  of  some 
boundary  lubricant  or  liquid  molecules.  In  this  model,  the  values  of  the  critical 
shear  stress  Sc,  and  the  coefficient  of  friction  fi,  in  (13.27)  are  calculated  in  terms  of 
the  energy  needed  to  overcome  the  attractive  intermolecular  forces  and  compres- 
sive externally  applied  load  as  one  surface  is  raised  and  then  slid  across  the 
molecular-sized  asperities  of  the  other. 

This  model  (variously  referred  to  as  the  interlocking  asperity  model,  Coulomb 
friction,  or  the  cobblestone  model)  is  similar  to  pushing  a  cart  over  a  road  of 
cobblestones  where  the  cartwheels  (which  represent  the  molecules  of  the  upper 
surface  or  film)  must  be  made  to  roll  over  the  cobblestones  (representing  the 
molecules  of  the  lower  surface)  before  the  cart  can  move.  In  the  case  of  the  cart, 
the  downward  force  of  gravity  replaces  the  attractive  intermolecular  forces  between 
two  material  surfaces.  When  at  rest,  the  cartwheels  find  grooves  between  the 
cobblestones  where  they  sit  in  potential-energy  minima,  and  so  the  cart  is  at  some 
stable  mechanical  equilibrium.  A  certain  lateral  force  (the  "push")  is  required  to 
raise  the  cartwheels  against  the  force  of  gravity  in  order  to  initiate  motion.  Motion 
will  continue  as  long  as  the  cart  is  pushed,  and  rapidly  stops  once  it  is  no  longer 
pushed.  Energy  is  dissipated  by  the  liberation  of  heat  (phonons,  acoustic  waves, 
etc.)  every  time  a  wheel  hits  the  next  cobblestone.  The  cobblestone  model  is  not 
unlike  the  Coulomb  and  interlocking  asperity  models  of  friction  [282]  except  that  it 
is  being  applied  at  the  molecular  level  and  for  a  situation  where  the  external  load  is 
augmented  by  attractive  intermolecular  forces. 

There  are  thus  two  contributions  to  the  force  pulling  two  surfaces  together:  the 
externally  applied  load  or  pressure,  and  the  (internal)  attractive  intermolecular 
forces  that  determine  the  adhesion  between  the  two  surfaces.  Each  of  these  con- 
tributions affects  the  friction  force  in  a  different  way,  which  we  will  discuss  in  more 
detail  below. 
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13.7.2    Adhesion  Force  and  Load  Contribution 
to  Interfacial  Friction 

Adhesion  Force  Contribution 

Consider  the  case  of  two  surfaces  sliding  past  each  other,  as  shown  in  Fig.  13.14a. 
When  the  two  surfaces  are  initially  in  adhesive  contact,  the  surface  molecules  will 
adjust  themselves  to  fit  snugly  together  [292],  in  an  analogous  manner  to  the  self- 
positioning  of  the  cartwheels  on  the  cobblestone  road.  A  small  tangential  force 
applied  to  one  surface  will  therefore  not  result  in  the  sliding  of  that  surface  relative 
to  the  other.  The  attractive  van  der  Waals  forces  between  the  surfaces  must  first  be 
overcome  by  having  the  surfaces  separate  by  a  small  amount.  To  initiate  motion,  let 
the  separation  between  the  two  surfaces  increase  by  a  small  amount  AD,  while  the 
lateral  distance  moved  is  Act.  These  two  values  will  be  related  via  the  geometry  of 
the  two  surface  lattices.  The  energy  put  into  the  system  by  the  force  F  acting  over  a 
lateral  distance  Act  is 


Input  energy:  F  x  Act. 


(13.29) 


This  energy  may  be  equated  with  the  change  in  interfacial  or  surface  energy 
associated  with  separating  the  surfaces  by  AD,  i.e.,  from  the  equilibrium  separation 
D  =  D0  to  D  =  (DQ  +  AD).  Since  y  oc  D~2  for  two  flat  surfaces  (Sect.  13.3.1, 
Table  13.2),  the  energy  cost  may  be  approximated  by 


Surface  energy  change  x  area  :  2yA 


D2 


(Do  +  AD)2 


/AD\ 

Mat}  (1330) 


where  y  is  the  surface  energy,  A  the  contact  area,  and  Do  the  surface  separation  at 
equilibrium.  During  steady-state  sliding  (kinetic  friction),  not  all  of  this  energy  will 
be  "lost"  or  absorbed  by  the  lattice  every  time  the  surface  molecules  move  by  one 
lattice  spacing:  some  fraction  will  be  reflected  during  each  impact  of  the  "cart- 
wheel" molecules  [290].  Assuming  that  a  fraction  £  of  the  above  surface  energy  is 
"lost"  every  time  the  surfaces  move  across  the  characteristic  length  Act 
(Fig.  13.14a),  we  obtain  after  equating  (13.29)  and  (13.30) 


_F  _4ysAD 
C~A~  D„Aff  ■ 


(13.31) 


For  a  typical  hydrocarbon  or  a  van  der  Waals  surface,  y  w  25  mJ  m~2.  Other  typical 
values  would  be:  AD  «  0.05  nm,  Do  «  0.2  nm,  Act  «  0.1  nm,  and  s  ss  0.1  —  0.5. 
Using  the  above  parameters,  (13.31)  predicts  Sc  ps  (2.5  —  12.5)  x  107Nm~2  for 
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Fig.  13.14  (a)  Schematic  illustration  of  how  one  molecularly  smooth  surface  moves  over  another 
when  a  lateral  force  F  is  applied  (the  "cobblestone  model").  As  the  upper  surface  moves  laterally 
by  some  fraction  of  the  lattice  dimension  An,  it  must  also  move  up  by  some  fraction  of  an  atomic 
or  molecular  dimension  AD  before  it  can  slide  across  the  lower  surface.  On  impact,  some  fraction  £ 
of  the  kinetic  energy  is  "transmitted"  to  the  lower  surface,  the  rest  being  "reflected"  back  to  the 
colliding  molecule  (upper  surface)  (after  [291],  with  permission),  (b)  Difference  in  the  local 
distribution  of  the  total  applied  external  load  or  normal  adhesive  force  between  load-controlled 
nonadhering  surfaces  and  adhesion-controlled  surfaces.  In  the  former  case,  the  total  friction  force 
F  is  given  either  by  F  =  yiL  for  one  contact  point  (left  side)  or  by  F  =  I  j.iL  + 1  /iL  +  A  fiL  =  f.iL  for 
three  contact  points  (right  side).  Thus  the  load-controlled  friction  is  always  proportional  to  the 
applied  load,  independently  of  the  number  of  contacts  and  of  their  geometry.  In  the  case  of 
adhering  surfaces,  the  effective  "internal"  load  is  given  by  kA,  where  A  is  the  real  local  contact 
area,  which  is  proportional  to  the  number  of  intermolecular  bonds  being  made  and  broken  across 
each  single  contact  point.  The  total  friction  force  is  now  given  by  F  =  j.ikA  for  one  contact  point 
(left  side),  and  F  =  fi(Mi  +  kA2  +  kA3)  =  yikAtot  for  three  contact  points  (right  side).  Thus,  for 
adhesion-controlled  friction,  the  friction  is  proportional  to  the  real  contact  area,  at  least  when  no 
additional  external  load  is  applied  to  the  system  (after  [287],  with  permission,  ©  2004  American 
Chemical  Society).  (c,d)  Friction  force  between  benzyltrichlorosilane  monolayers  chemically 
bound  to  glass  or  Si,  measured  in  ethanol  (y  <  1  mJ/nr).  (c)  SFA  measurements  where  both 
glass  surfaces  were  covered  with  a  monolayer.  Circles  and  squares  show  two  different  experi- 
ments: one  with/?  =  2.6  cm,  v  =  0.15  um/s,  giving  j.i  =  0.33  ±  0.0 1 ;  the  other  with  R  =  1.6cm, 
v  =  0.5  um/s,  giving  /(  =  0.30  ±  0.01.  (d)  Friction  force  microscopy  (FFM)  measurements  of  a 
monolayer-functionalized  Si  tip  (R  =11  nm)  sliding  on  a  monolayer-covered  glass  surface  at 
v  =  0.15  um/s,  giving  \i  =  0.30  ±  0.01.  Note  the  different  scales  in  (c)  and  (d)  (after  [286],  with 
permission,  ©  2003  American  Chemical  Society) 


van  der  Waals  surfaces.  This  range  of  values  compares  very  well  with  typical 
experimental  values  of  2  x  107  Nm~2  for  hydrocarbon  or  mica  surfaces  sliding  in 
air  (Fig.  13.16)  or  separated  by  one  molecular  layer  of  cyclohexane  [46]. 
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The  above  model  suggests  that  all  interfaces,  whether  dry  or  lubricated,  dilate 
just  before  they  shear  or  slip.  This  is  a  small  but  important  effect:  the  dilation 
provides  the  crucial  extra  space  needed  for  the  molecules  to  slide  across  each  other 
or  flow.  This  dilation  is  known  to  occur  in  macroscopic  systems  [293,  294]  and  for 
nanoscopic  systems  it  has  been  computed  by  Thompson  and  Robbins  [255]  and 
Zaloj  et  al.  [295]  and  measured  by  Dhinojwala  et  al.  [296]. 

This  model  may  be  extended,  at  least  semiquantitatively,  to  lubricated  sliding, 
where  a  thin  liquid  film  is  present  between  the  surfaces.  With  an  increase  in  the 
number  of  liquid  layers  between  the  surfaces,  D0  increases  while  AD  decreases, 
hence  the  friction  force  decreases.  This  is  precisely  what  is  observed,  but  with  more 
than  one  liquid  layer  between  two  surfaces  the  situation  becomes  too  complex  to 
analyze  analytically  (actually,  even  with  one  or  no  interfacial  layers,  the  calculation 
of  the  fraction  of  energy  dissipated  per  molecular  collision  s  is  not  a  simple  matter). 
Furthermore,  even  in  systems  as  simple  as  linear  alkanes,  interdigitation  and 
interdiffusion  have  been  found  to  contribute  strongly  to  the  properties  of  the  system 
[143,  297].  Sophisticated  modeling  based  on  computer  simulations  is  now  required, 
as  discussed  in  the  following  section. 


Relation  Between  Boundary  Friction  and  Adhesion  Energy  Hysteresis 

While  the  above  equations  suggest  that  there  is  a  direct  correlation  between  friction 
and  adhesion,  this  is  not  the  case.  The  correlation  is  really  between  friction  and 
adhesion  hysteresis,  described  in  Sect.  13.5.4.  In  the  case  of  friction,  this  subtle 
point  is  hidden  in  the  factor  e,  which  is  a  measure  of  the  amount  of  energy  absorbed 
(dissipated,  transferred,  or  "lost")  by  the  lower  surface  when  it  is  impacted  by  a 
molecule  from  the  upper  surface.  If  e  =  0,  all  the  energy  is  reflected,  and  there  will 
be  no  kinetic  friction  force  or  any  adhesion  hysteresis,  but  the  absolute  magnitude 
of  the  adhesion  force  or  energy  will  remain  finite  and  unchanged.  This  is  illustrated 
in  Figs.  13.17  and  13.19. 

The  following  simple  model  shows  how  adhesion  hysteresis  and  friction  may  be 
quantitatively  related.  Let  Ay  =  yR  —  yA  be  the  adhesion  energy  hysteresis  per  unit 
area,  as  measured  during  a  typical  loading-unloading  cycle  (Figs.  13.17a  and  13.19c, 
d).  Now  consider  the  same  two  surfaces  sliding  past  each  other  and  assume  that 
frictional  energy  dissipation  occurs  through  the  same  mechanism  as  adhesion  energy 
dissipation,  and  that  both  occur  over  the  same  characteristic  molecular  length  scale  a. 
Thus,  when  the  two  surfaces  (of  contact  area  A  —  nr2)  move  a  distance  a,  equating  the 
frictional  energy  (F  x  a)  to  the  dissipated  adhesion  energy  (A  x  A  y),  we  obtain 

Friction  force:   = = (yR  —  yA),  (13.32) 

a  a 


or 


Critical  shear  stress:   Sc  =  F/A  =  Ay/er,  (13.33) 
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which  is  the  desired  expression  and  has  been  found  to  give  order-of-magnitude 
agreement  between  measured  friction  forces  and  adhesion  energy  hysteresis  [261]. 
If  we  equate  (13.33)  with  (13.31),  since  4AD/(D0Ag)  ps  1/er,  we  obtain  the  intui- 
tive relation 

£  =  —.  (13.34) 

y 


External  Load  Contribution  to  Interfacial  Friction 

When  there  is  no  interfacial  adhesion,  Sc  is  zero.  Thus,  in  the  absence  of  any 
adhesive  forces  between  two  surfaces,  the  only  "attractive"  force  that  needs  to  be 
overcome  for  sliding  to  occur  is  the  externally  applied  load  or  pressure,  as  shown  in 
Fig.  13.14b. 

For  a  preliminary  discussion  of  this  question,  it  is  instructive  to  compare  the 
magnitudes  of  the  externally  applied  pressure  to  the  internal  van  der  Waals  pressure 
between  two  smooth  surfaces.  The  internal  van  der  Waals  pressure  between  two  flat 
surfaces  is  given  (Table  13.2)  by  P  =  Au/6nDl  w  1  GPa  ( 104  atm),  using  a  typical 
Hamaker  constant  of  Ah  =  10  19  J,  and  assuming  Do  ss  2nm  for  the  equilibrium 
interatomic  spacing.  This  implies  that  we  should  not  expect  the  externally  applied 
load  to  affect  the  interfacial  friction  force  F,  as  defined  by  (13.27),  until  the 
externally  applied  pressure  LI  A  begins  to  exceed  ~100MPa  (103  atm).  This  is  in 
agreement  with  experimental  data  [298]  where  the  effect  of  load  became  dominant 
at  pressures  in  excess  of  10    atm. 

For  a  more  general  semiquantitative  analysis,  again  consider  the  cobblestone 
model  used  to  derive  (13.31),  but  now  include  an  additional  contribution  to  the 
surface-energy  change  of  (13.30)  due  to  the  work  done  against  the  external  load  or 
pressure,  LAD  =  PextAAD  (this  is  equivalent  to  the  work  done  against  gravity  in  the 
case  of  a  cart  being  pushed  over  cobblestones).  Thus 

A       D0Ao  Aa 

which  gives  the  more  general  relation 

Sc=F/A  =  C1  +  C2Pva,  (13.36) 

where  P ext  =  L/A  and  C\  and  C2  are  characteristic  of  the  surfaces  and  sliding 
conditions.  The  constant  C\  =  AyeAD  /  (DqAo)  depends  on  the  mutual  adhesion 
of  the  two  surfaces,  while  both  C\  and  C2  =  sAD/Acr  depend  on  the  topography  or 
atomic  bumpiness  of  the  surface  groups  (Fig.  13.14a).  The  smoother  the  surface 
groups  the  smaller  the  ratio  AD/Ao  and  hence  the  lower  the  value  of  C2.  In  addition, 
both  C\  and  C2  depend  on  £  (the  fraction  of  energy  dissipated  per  collision),  which 
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depends  on  the  relative  masses  of  the  shearing  molecules,  the  sliding  velocity,  the 
temperature,  and  the  characteristic  molecular  relaxation  processes  of  the  surfaces. 
This  is  by  far  the  most  difficult  parameter  to  compute,  and  yet  it  is  the  most 
important  since  it  represents  the  energy-transfer  mechanism  in  any  friction  process, 
and  since  £  can  vary  between  1  and  0,  it  determines  whether  a  particular  friction 
force  will  be  large  or  close  to  zero.  Molecular  simulations  offer  the  best  way  to 
understand  and  predict  the  magnitude  of  e,  but  the  complex  multibody  nature  of  the 
problem  makes  simple  conclusions  difficult  to  draw  [299-302].  Some  of  the  basic 
physics  of  the  energy  transfer  and  dissipation  of  the  molecular  collisions  can  be 
drawn  from  simplified  models  such  as  a  1-D  three-body  system  [268]. 

Finally,  the  above  equation  may  also  be  expressed  in  terms  of  the  friction  force  F 


F  =  SCA  =  CiA  +  C2L. 


(13.37) 


Equations  similar  to  (13.36)  and  (13.37)  were  previously  derived  by  Derjaguin 
[303,  304]  and  by  Briscoe  and  Evans  [305],  where  the  constants  C\  and  C2  were 
interpreted  somewhat  differently  than  in  this  model. 

In  the  absence  of  any  attractive  interfacial  force,  we  have  C\  ps  0,  and  the  second 
term  in  (13.36)  and  (13.37)  should  dominate  (Fig.  13.15).  Such  situations  typically 
arise  when  surfaces  repel  each  other  across  the  lubricating  liquid  film.  In  such  cases, 
the  total  frictional  force  should  be  low  and  should  increase  linearly  with  the 
external  load  according  to 


F  =  C2L. 


(13.38) 


Fig.  13.15  Friction  as  a  function  of  load  for  smooth  surfaces.  At  low  loads,  the  friction  is 
dominated  by  the  C\A  term  of  (13.38).  The  adhesion  contribution  (JKR  curve)  is  most  prominent 
near  zero  load  where  the  Hertzian  and  Amontons'  contributions  to  the  friction  are  minimal.  As  the 
load  increases,  the  adhesion  contribution  becomes  smaller  as  the  JKR  and  Hertz  curves  converge. 
In  this  range  of  loads,  the  linear  C^L  contribution  suipasses  the  area  contribution  to  the  friction.  At 
much  higher  loads  the  explicit  load  dependence  of  the  friction  dominates  the  interactions,  and  the 
observed  behavior  approaches  Amontons'  law.  It  is  interesting  to  note  that  for  smooth  surfaces  the 
pressure  over  the  contact  area  does  not  increase  as  rapidly  as  the  load.  This  is  because  as  the  load  is 
increased,  the  surfaces  deform  to  increase  the  surface  area  and  thus  moderate  the  contact  pressure 
(after  [306] ,  with  permission  of  Kluwer  Academic  Publishers) 
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An  example  of  such  lubricated  sliding  occurs  when  two  mica  surfaces  slide  in 
water  or  in  salt  solution  (Fig.  13.20a),  where  the  short-range  "hydration"  forces 
between  the  surfaces  are  repulsive.  Thus,  for  sliding  in  0.5  M  KC1  it  was  found  that 
C2  =  0.015  [283].  Another  case  where  repulsive  surfaces  eliminate  the  adhesive 
contribution  to  friction  is  for  polymer  chains  attached  to  surfaces  at  one  end  and 
swollen  by  a  good  solvent  [219].  For  this  class  of  systems,  C2  <  0.001  for  a  finite 
range  of  polymer  layer  compressions  (normal  loads  L).  The  low  friction  between 
the  surfaces  in  this  regime  is  attributed  to  the  entropic  repulsion  between  the 
opposing  brush  layers  with  a  minimum  of  entanglement  between  the  two  layers. 
However,  with  higher  normal  loads,  the  brush  layers  become  compressed  and  begin 
to  entangle,  which  results  in  higher  friction  [307]. 

It  is  important  to  note  that  (13.38)  has  exactly  the  same  form  as  Amontons'  Law 

F  =  fjL,  (13.39) 

where  [i  is  the  coefficient  of  friction. 

Figure  13.14c  shows  the  kinetic  friction  force  measured  with  both  SFA  and  FFM 
(friction  force  microscopy,  using  AFM)on  a  system  where  both  surfaces  were 
covered  with  a  chemically  bound  benzyltrichlorosilane  monolayer  [286].  When 
immersed  in  ethanol,  the  adhesionin  this  system  is  low,  and  very  different  contact 
areas  and  loads  give  a  linear  dependence  of  F  on  L  with  the  same  friction  coeffi- 
cients, andf  — >  0  as  L  — >  0.  In  the  FFM  measurements  (Fig.  13.14d),  the  plateau  in 
the  data  at  higher  loads  suggest  a  transition  in  the  monolayers,  similar  to  previous 
observations  on  other  monolayer  systems.  The  pressure  in  the  contact  region  in  the 
SFA  is  much  lower  than  in  the  FFM,  and  no  transitions  in  the  friction  forces  or  in 
the  thickness  of  the  confined  monolayers  were  observed  in  the  SFA  experiments 
(and  no  damage  to  the  monolayers  or  the  underlying  substrates  was  observed  during 
the  experiments,  indicating  that  the  friction  was  "wearless").  Despite  the  difference 
of  more  than  six  orders  of  magnitude  in  the  contact  radii,  pressure,  loads,  and 
friction  forces,  the  measured  friction  coefficients  are  practically  the  same. 

At  the  molecular  level  a  thermodynamic  analog  of  the  Coulomb  or  cobblestone 
models  (Sect.  13.7.1)  based  on  the  "contact  value  theorem"  [3,  283,  306]  can 
explain  why  F  ex  L  also  holds  at  the  microscopic  or  molecular  level.  In  this  analysis 
we  consider  the  surface  molecular  groups  as  being  momentarily  compressed  and 
decompressed  as  the  surfaces  move  along.  Under  irreversible  conditions,  which 
always  occur  when  a  cycle  is  completed  in  a  finite  amount  of  time,  the  energy  "lost" 
in  the  compression-decompression  cycle  is  dissipated  as  heat.  For  two  nonadhering 
surfaces,  the  stabilizing  pressure  Pt  acting  locally  between  any  two  elemental 
contact  points  i  of  the  surfaces  may  be  expressed  by  the  contact  value  theorem  [2] 

Pi  =  PikBT  =  kBT/Vh  (13.40) 

where  p,  =  Vfl  is  the  local  number  density  (per  unit  volume)  or  activity  of  the 
interacting  entities,  be  they  molecules,  atoms,  ions  or  the  electron  clouds  of 
atoms.  This  equation  is  essentially  the  osmotic  or  entropic  pressure  of  a  gas  of 
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confined  molecules.  As  one  surface  moves  across  the  other,  local  regions 
become  compressed  and  decompressed  by  a  volume  AVt.  The  work  done  per 
cycle  can  be  written  as  sP/AV,,  where  e  (e  <  1)  is  the  fraction  of  energy  per 
cycle  "lost"  as  heat,  as  defined  earlier.  The  energy  balance  shows  that,  for  each 
compression-decompression  cycle,  the  dissipated  energy  is  related  to  the  fric- 
tion force  by 

Ffia  =  ePtAVi,  (13.41) 

where  x,  is  the  lateral  distance  moved  per  cycle,  which  can  be  the  distance  between 
asperities  or  the  distance  between  surface  lattice  sites.  The  pressure  at  each  contact 
junction  can  be  expressed  in  terms  of  the  local  normal  load  L,  and  local  area  of 
contact  A,  as  P,  =  Lj/A,.  The  volume  change  over  a  cycle  can  thus  be  expressed  as 
AV,  =  AjZj,  where  z,  is  the  vertical  distance  of  confinement.  Inserting  these  into 
(13.41),  we  get 

Fi  =  sLi(zi/xi),  (13.42) 

which  is  independent  of  the  local  contact  area  A,.  The  total  friction  force  is  thus 

f  =  Vf,  =  V  eLi(zi/xi) 

^       J?  (13.43) 

=  z{zi/xi)y    Lt  =nL, 

where  it  is  assumed  that  on  average  the  local  values  of  L,  and  Pf  are  independent  of 
the  local  slope  z,/x,.  Therefore,  the  friction  coefficient  ji  is  a  function  only  of  the 
average  surface  topography  and  the  sliding  velocity,  but  is  independent  of  the  local 
(real)  or  macroscopic  (apparent)  contact  areas. 

While  this  analysis  explains  nonadhering  surfaces,  there  is  still  an  additional 
explicit  contact  area  contribution  for  the  case  of  adhering  surfaces,  as  in  (13.37).  The 
distinction  between  the  two  cases  arises  because  the  initial  assumption  of  the  contact 
value  theorem  (13.40)  is  incomplete  for  adhering  systems.  A  more  appropriate 
starting  equation  would  reflect  the  full  intermolecular  interaction  potential,  includ- 
ing the  attractive  interactions,  in  addition  to  the  purely  repulsive  contributions  of 
(13.40),  much  as  the  van  der  Waals  equation  of  state  modifies  the  ideal  gas  law. 


13.7.3    Examples  of  Experimentally  Observed  Friction 
of  Dry  Surfaces 

Numerous  model  systems  have  been  studied  with  a  surface  forces  apparatus  (SFA) 
modified  for  friction  experiments  (Sect.  13.2.3).  The  apparatus  allows  for 
control  of  load  (normal  force)  and  sliding  speed,  and  simultaneous  measurement 
of  surface  separation,  surface  shape,  true  (molecular)  area  of  contact  between 


13     Surface  Forces  and  Nanorheology  of  Molecularly  Thin  Films 


157 


Friction  force 

F(N) 


0.5 


Negative 
load 


Damage 
A  a  Friction  force  |    observed 
0  Contact  are 


Dynamic  contact  area  A 
(um2) 


2xl04 


0.2  0.3 

Normal  load  L  (N) 


Fig.  13.16  Friction  force  F  and  contact  area  A  versus  load  L  for  two  mica  surfaces  sliding  in 
adhesive  contact  in  dry  air.  The  contact  area  is  well  described  by  the  JKR  theory,  (13.22),  even 
during  sliding,  and  the  friction  force  is  found  to  be  directly  proportional  to  this  area,  (13.28).  The 
vertical  dashed  line  and  arrow  show  the  transition  from  interfacial  to  normal  friction  with  the 
onset  of  wear  (lower  curve).  The  sliding  velocity  is  0.2ums_1  (after  [46],  with  permission, 
©  1989  American  Society  of  Mechanical  Engineers) 


smooth  surfaces,  and  friction  forces.  A  variety  of  both  unlubricated  and  solid-  and 
liquid-lubricated  surfaces  have  been  studied  both  as  smooth  single-asperity  contacts 
and  after  they  have  been  roughened  by  shear-induced  damage. 

Figure  13.16  shows  the  contact  area  A  and  friction  force  F,  both  plotted  against 
the  applied  load  L  in  an  experiment  in  which  two  molecularly  smooth  surfaces  of 
mica  in  adhesive  contact  were  slid  past  each  other  in  an  atmosphere  of  dry  nitrogen 
gas.  This  is  an  example  of  the  low-load  adhesion-controlled  limit,  which  is  excel- 
lently described  by  (13.28).  In  a  number  of  different  experiments,  Sc  was  measured 
to  be  2.5  x  107  N  m~2  and  to  be  independent  of  the  sliding  velocity  [46,  308].  Note 
that  there  is  a  friction  force  even  at  negative  loads,  where  the  surfaces  are  still 
sliding  in  adhesive  contact. 

Figure  13.17  shows  the  correlation  between  adhesion  hysteresis  and  friction  for  two 
surfaces  consisting  of  silica  films  deposited  on  mica  substrates  [42].  The  friction 
between  undamaged  hydrophobic  silica  surfaces  showed  stick-slip  both  at  dry  con- 
ditions and  at  100%  relative  humidity.  Similar  to  the  mica  surfaces  in  Figs.  13.16, 
13.18,  and  13.20a,  the  friction  of  damaged  silica  surfaces  obeyed  Amontons'  law  with 
a  friction  coefficient  of  0.25-0.3  both  at  dry  conditions  and  at  55%  relative  humidity. 

The  high  friction  force  of  unlubricated  sliding  can  often  be  reduced  by  treating 
the  solid  surface  with  a  boundary  layer  of  some  other  solid  material  that  exhibits 
lower  friction,  such  as  a  surfactant  monolayer,  or  by  ensuring  that  during  sliding  a 
thin  liquid  film  remains  between  the  surfaces  (as  will  be  discussed  in  Sect.  13.8). 
The  effectiveness  of  a  solid  boundary  lubricant  layer  on  reducing  the  forces  of 
friction  is  illustrated  in  Fig.  13.18.  Comparing  this  with  the  friction  of  the  unlu- 
bricated/untreated  surfaces  (Fig.  13.16)  shows  that  the  critical  shear  stress  has  been 
reduced  by  a  factor  of  about  ten:  from  2.5  x  107  to  3.5  x  106N  m~2.  At  much 
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Fig.  13.17  (a)  Contact  radius  r  versus  externally  applied  load  L  for  loading  and  unloading  of  two 
hydrophilic  silica  surfaces  exposed  to  dry  and  humid  atmospheres.  Note  that,  while  the  adhesion  is 
higher  in  humid  air,  the  hysteresis  in  the  adhesion  is  higher  in  dry  air.  (b)  Effect  of  velocity  on  the 
static  friction  force  Fs  for  hydrophobic  (heat-treated  electron-beam-evaporated)  silica  in  dry  and 
humid  air.  The  effects  of  humidity,  load,  and  sliding  velocity  on  the  friction  forces,  as  well  as  the 
stick-slip  friction  of  the  hydrophobic  surfaces,  are  qualitatively  consistent  with  a  "friction"  phase 
diagram  representation  as  in  Fig.  13.28  (after  [42],  ©  1994,  with  permission  from  Elsevier 
Science) 
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Fig.  13.18  Sliding  of  mica  surfaces,  each  coated  with  a  2.5  nm  thick  monolayer  of  calcium 
stearate  surfactant,  in  the  absence  of  damage  (obeying  JKR-type  boundary  friction)  and  in  the 
presence  of  damage  (obeying  Amontons-type  normal  friction).  Note  that  both  for  this  system  and 
for  the  bare  mica  in  Figs.  13.16  and  13.20a,  the  friction  force  obeys  Amontons'  law  with  a  friction 
coefficient  of  ji  «  0.3  after  damage  occurs.  At  much  higher  applied  loads,  the  undamaged  surfaces 
also  follow  Amontons-type  sliding,  but  for  a  different  reason:  the  dependence  on  adhesion 
becomes  smaller.  Lower  line:  interfacial  sliding  with  a  monolayer  of  water  between  the  mica 
surfaces  (load-controlled  friction,  Fig.  13.20a),  shown  for  comparison  (after  [308],  ©  1990,  with 
permission  from  Elsevier  Science) 


higher  applied  loads  or  pressures,  the  friction  force  is  proportional  to  the  load, 
rather  than  the  area  of  contact  [298],  as  expected  from  (13.27). 

Yamada  and  Israelachvili  [309]  studied  the  adhesion  and  friction  of  fluorocarbon 
surfaces  (surfactant-coated  boundary  lubricant  layers),  which  were  compared  to 
those  of  hydrocarbon  surfaces.  They  concluded  that  well-ordered  fluorocarbon 
surfaces  have  high  friction,  in  spite  of  their  lower  adhesion  energy  (in  agreement 
with  previous  findings).  The  low  friction  coefficient  of  Teflon  (polytetrafluoroethy- 
lene,  PTFE)  must,  therefore,  be  due  to  some  effect  other  than  low  adhesion.  For 
example,  the  softness  of  PTFE,  which  allows  material  to  flow  at  the  interface,  which 
thus  behaves  like  a  fluid  lubricant.  On  a  related  issue,  Luengo  et  al.  [310]  found  that 
Cgo  surfaces  also  exhibited  low  adhesion  but  high  friction.  In  both  cases  the  high 
friction  appears  to  arise  from  the  bulky  surface  groups  -  fluorocarbon  compared  to 
hydrocarbon  groups  in  the  former,  large  fullerene  spheres  in  the  latter.  Apparently, 
the  fact  that  Cgo  molecules  rotate  in  their  lattice  does  not  make  them  a  good 
lubricant:  the  molecules  of  the  opposing  surface  must  still  climb  over  them  in 
order  to  slide,  and  this  requires  energy  that  is  independent  of  whether  the  surface 
molecules  are  fixed  or  freely  rotating.  Larger  particles  such  as  ~25  nm  sized 
nanoparticles  (also  known  as  "inorganic  fullerenes")  do  appear  to  produce  low 
friction  by  behaving  like  molecular  ball  bearings,  but  the  potential  of  this  promising 
new  class  of  solid  lubricant  has  still  to  be  explored  [311]. 
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Fig.  13.19  Top:  friction  traces  for  two  fiuidlike  calcium  alkylbenzene  sulfonate  monolayer- 
coated  surfaces  at  25  °C  showing  that  the  friction  force  is  much  higher  between  dry  monolayers 
(a)  than  between  monolayers  whose  fluidity  has  been  enhanced  by  hydrocarbon  penetration  from 
vapor  (b).  Bottom:  Contact  radius  versus  load  (/-3  versus  L)  data  measured  for  the  same  two 
surfaces  as  above  and  fitted  to  the  JKR  equation  (13.22),  shown  by  the  solid  curves.  For 
dry  monolayers  (c)  the  adhesion  energy  on  unloading  (}'R  =  40  mj  m~2)  is  greater  than  that 
on  loading  ()'R  =  28  mJ  m~2),  which  is  indicative  of  an  adhesion  energy  hysteresis  of 
Ay  =  yR  —  }»A  =  12  mJ  itT2.  For  monolayers  exposed  to  saturated  decane  vapor  (d)  their  adhesion 
hysteresis  is  zero  (}>A  =  }>R),  and  both  the  loading  and  unloading  data  are  well  fitted  by 
the  thermodynamic  value  of  the  surface  energy  of  fluid  hydrocarbon  chains,  y  =  24  mj  m 
(after  [265],  with  permission,  ©  1993  American  Chemical  Society) 


Figure  13.19  illustrates  the  relationship  between  adhesion  hysteresis  and  friction 
for  surfactant-coated  surfaces  under  different  conditions.  This  effect,  however, 
is  much  more  general  and  has  been  shown  to  hold  for  other  surfaces  as  well 
[42,266,291,312]. 

Direct  comparisons  between  absolute  adhesion  energies  and  friction  forces  show 
little  correlation.  In  some  cases,  higher  adhesion  energies  for  the  same  system 
under  different  conditions  correspond  to  lower  friction  forces.  For  example,  for 
hydrophilic  silica  surfaces  (Fig.  13.17)  it  was  found  that  with  increasing  relative 
humidity  the  adhesion  energy  increases,  but  the  adhesion  energy  hysteresis 
measured  in  a  loading-unloading  cycle  decreases,  as  does  the  friction  force  [42]. 
For  hydrophobic  silica  surfaces  under  dry  conditions,  the  friction  at  load  L  = 
5.5  mN  was  F  =75  mN.  For  the  same  sample,  the  adhesion  energy  hysteresis 
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was  Ay  =  lOmJ  m~2,  with  a  contact  area  of  A  rj  10~8m2  at  the  same  load. 
Assuming  a  value  for  the  characteristic  distance  a  on  the  order  of  one  lattice  spacing, 
a  ps  1  nm,  and  inserting  these  values  into  (13.32),  the  friction  force  is  predicted  to 
be  F  s=s  100  mN  for  the  kinetic  friction  force,  which  is  close  to  the  measured  value 
of  75  mN.  Alternatively,  we  may  conclude  that  the  dissipation  factor  is  £  =  0.75, 
i.e.,  that  almost  all  the  energy  is  dissipated  as  heat  at  each  molecular  collision. 

A  liquid  lubricant  film  (Sect.  13.8.3)  is  usually  much  more  effective  at  lowering 
the  friction  of  two  surfaces  than  a  solid  boundary  lubricant  layer.  However,  to  use  a 
liquid  lubricant  successfully,  it  must  "wet"  the  surfaces,  that  is,  it  should  have  a  high 
affinity  for  the  surfaces,  so  that  not  all  the  liquid  molecules  become  squeezed  out 
when  the  surfaces  come  close  together,  even  under  a  large  compressive  load. 
Another  important  requirement  is  that  the  liquid  film  remains  a  liquid  under  tribo- 
logical  conditions,  i.e.,  that  it  does  not  epitaxially  solidify  between  the  surfaces. 

Effective  lubrication  usually  requires  that  the  lubricant  be  injected  between  the 
surfaces,  but  in  some  cases  the  liquid  can  be  made  to  condense  from  the  vapor.  This 
is  illustrated  in  Fig.  13.20a  for  two  untreated  mica  surfaces  sliding  with  a  thin  layer 
of  water  between  them.  A  monomolecular  film  of  water  (of  thickness  0.25  nm  per 
surface)  has  reduced  Sc  from  its  value  for  dry  surfaces  (Fig.  13.16)  by  a  factor  of 
more  than  30,  which  may  be  compared  with  the  factor  of  ten  attained  with  the 
boundary  lubricant  layer  (of  thickness  2.5  nm  per  surface)  in  Fig.  13.18.  Water 
appears  to  have  unusual  lubricating  properties  and  usually  gives  wearless  friction 
with  no  stick-slip  [313]. 

The  effectiveness  of  a  water  film  only  0.25  nm  thick  to  lower  the  friction  force 
by  more  than  an  order  of  magnitude  is  attributed  to  the  "hydrophilicity"  of  the  mica 
surface  (mica  is  "wetted"  by  water)  and  to  the  existence  of  a  strongly  repulsive 
short-range  hydration  force  between  such  surfaces  in  aqueous  solutions,  which 
effectively  removes  the  adhesion-controlled  contribution  to  the  friction  force 
[283].  It  is  also  interesting  that  a  0.25  nm  thick  water  film  between  two  mica 
surfaces  is  sufficient  to  bring  the  coefficient  of  friction  down  to  0.01-0.02,  a 
value  that  corresponds  to  the  unusually  low  friction  of  ice.  Clearly,  a  single 
monolayer  of  water  can  be  a  very  good  lubricant  -  much  better  than  most  other 
monomolecular  liquid  films  -  for  reasons  that  will  be  discussed  in  Sect.  13.9.  A 
linear  dependence  of  F  on  L  has  also  been  observed  for  mica  surfaces  separated  by 
certain  hydrocarbon  liquids  [277,  285].  Figure  13.20b  shows  the  kinetic  friction 
forces  measured  at  a  high  velocity  across  thin  films  of  squalane,  a  branched 
hydrocarbon  liquid  (C30H62),  which  is  a  model  for  lubricating  oils.  Very  low 
adhesive  forces  are  measured  between  mica  surfaces  across  this  liquid  [285]  and 
the  film  thickness  decreased  monotonically  with  load.  The  friction  force  at  a  given 
load  was  found  to  be  velocity-dependent,  whereas  the  contact  area  was  not  [285]. 

Dry  polymer  layers  (Fig.  13.21)  typically  show  a  high  initial  static  friction 
("stiction")  as  sliding  commences  from  rest  in  adhesive  contact.  The  development 
of  the  friction  force  after  a  change  in  sliding  direction,  a  gradual  transition  from 
stick-slip  to  smooth  sliding,  is  shown  in  Fig.  13.21.  A  correlation  between  adhesion 
hysteresis  and  friction  similar  to  that  observed  for  silica  surfaces  in  Fig.  13.17  can  be 
seen  for  dry  polymer  layers  below  their  glass-transition  temperature.  As  shown  in 
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Fig.  13.20  Load-controlled  friction,  (a)  Two  mica  surfaces  sliding  past  each  other  while 
immersed  in  a  0.01  M  KC1  salt  solution  (nonadhesive  conditions).  The  water  film  is  molecularly 
thin,  0.25  to  0.5  nm  thick,  and  the  interfacial  friction  force  is  very  low:  Sc  ~  5  x  105N  m-2, 
ix  rj  0.02  (before  damage  occurs).  After  the  surfaces  have  become  damaged,  the  friction  coeffi- 
cient is  about  0.3  (after  [308],  ©  1990,  with  permission  from  Elsevier  Science),  (b)  Steady-state 
friction  force  and  contact  area  measured  on  a  confined  squalane  film  between  two  undamaged 
mica  surfaces  at  v  =  0.6  um/s  in  the  smooth  sliding  regime  (no  stick-slip).  Open  circles  show  F 
obtained  on  loading  (increasing  L),  solid  circles  show  unloading.  Both  data  sets  are  straight  lines 
passing  through  the  origin,  as  shown  by  the  blown  line  (/.t  =  0.12).  The  black  curve  is  a  fit  of  the 
Hertz  equation  (Sect.  13.5.2  and  [3])  to  the  A  versus  L  data  (open  squares)  using 
K  =  1010N/m  ,  R  =  2  cm.  The  thickness  D  varies  monotonically  from  D  =  2.5  to  1.7  nm  as 
the  load  increases  from  L  =  0  to  10  mN  (adapted  from  [285],  ©  2003  American  Physical 
Society) 
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Fig.  13.21  Typical  friction  traces  showing  how  the  friction  force  varies  with  the  sliding  time  for 
two  symmetric,  glassy  polymer  films  under  dry  conditions.  Qualitative  features  that  are  common  to 
both  polystyrene  and  polyvinyl  benzyl  chloride:  (a)  Decaying  stick-slip  motion  is  observed  until 
smooth  sliding  is  attained  if  the  motion  continues  for  a  sufficiently  long  distance,  (b)  Smooth 
sliding  observed  at  sufficiently  high  speeds.  Similar  observations  have  been  made  by  Berthoud 
et  al.  [314]  in  measurements  on  polymethyl  methacrylate  (after  [266],  with  permission,  (C)  2002 
American  Association  for  the  Advancement  of  Science) 
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Fig.  13.22  Computer  simulation  of  the  sliding  of  two  contacting  Si  surfaces  (a  tip  and  a  flat 
surface).  Shown  are  particle  trajectories  in  a  constant-force  simulation,  -FZjCxtemai  = 
—2.15  x  10~8  N,  viewed  along  the  ((10l))  direction  just  before  (a)  and  after  (b)  a  stick-slip  event 
for  a  large,  initally  ordered,  dynamic  tip  (after  [112]  with  permission  of  Kluwer  Academic  Publishers) 

Fig.  13. 12b, c,  the  adhesion  hysteresis  for  polystyrene  surfaces  can  be  increased  by 
irradiation  to  induce  scission  of  chains,  and  it  has  been  found  that  the  steady-state 
friction  force  (kinetic  friction)  shows  a  similar  increase  with  irradiation  time  [266] . 
Figure  13.22  shows  an  example  of  a  computer  simulation  of  the  sliding  of  two 
unlubricated  silicon  surfaces  (modeled  as  a  tip  sliding  over  a  planar  surface)  [112]. 
The  sliding  proceeds  through  a  series  of  stick-slip  events,  and  information  on  the 
friction  force  and  the  local  order  of  the  initially  crystalline  surfaces  can  be  obtained. 
Similar  studies  for  cold- welding  systems  [112]  have  demonstrated  the  occurrence 
of  shear  or  friction  damage  within  the  sliding  surface  (tip)  as  the  lowest  layer  of  it 
adheres  to  the  bottom  surface.  Recent  computer  simulations  have  addressed  many 
of  the  phenomena  seen  experimentally,  including  the  differences  between  adhesive 
and  nonadhesive  systems,  the  issue  of  the  dependence  of  the  observed  friction  on 
the  real  contact  area  (a  parameter  that  is  difficult  to  define  or  measure  at  the 
nanoscale),  and  the  molecular  origin  of  friction  responses  that  follow  Amontons' 
law  [287,  302,  315-317]. 
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13.7.4    Transition  from  Interfacial  to  Normal  Friction 
with  Wear 

Frictional  damage  can  have  many  causes,  such  as  adhesive  tearing  at  high  loads  or 
overheating  at  high  sliding  speeds.  Once  damage  occurs,  there  is  a  transition  from 
"interfacial"  to  "normal"  or  load-controlled  friction  as  the  surfaces  become  forced 
apart  by  the  torn-out  asperities  (wear  particles).  For  low  loads,  the  friction 
changes  from  obeying  F  =  SCA  to  obeying  Amontons'  law,  F  =  fiL,  as  shown 
in  Figs.  13.16  and  13.18,  and  sliding  now  proceeds  smoothly  with  the  surfaces 
separated  by  a  10-100  nm  forest  of  wear  debris  (in  this  case,  mica  flakes).  The 
wear  particles  keep  the  surfaces  apart  over  an  area  that  is  much  greater  than  their 
size,  so  that  even  one  submicroscopic  particle  or  asperity  can  cause  a  significant 
reduction  in  the  area  of  contact  and,  therefore,  in  the  friction  [308].  For  this  type 
of  frictional  sliding,  one  can  no  longer  talk  of  the  molecular  contact  area  of  the 
two  surfaces,  although  the  macroscopic  or  "apparent"  area  is  still  a  useful 
parameter. 

One  remarkable  feature  of  the  transition  from  interfacial  to  normal  friction  of 
brittle  surfaces  is  that,  while  the  strength  of  interfacial  friction,  as  reflected  in  the 
values  of  Sc,  is  very  dependent  on  the  type  of  surface  and  on  the  liquid  film  between 
the  surfaces,  this  is  not  the  case  once  the  transition  to  normal  friction  has  occurred. 
At  the  onset  of  damage,  the  material  properties  of  the  underlying  substrates  control 
the  friction.  In  Figs.  13.16,  13.18,  and  13.20a  the  friction  for  the  damaged  surfaces 
is  that  of  any  damaged  mica-mica  system,  /i  «  0.3,  independent  of  the  initial 
surface  coatings  or  liquid  films  between  the  surfaces.  A  similar  friction  coefficient 
was  found  for  damaged  silica  surfaces  [42]. 

In  order  to  modify  the  frictional  behavior  of  such  brittle  materials  practically,  it 
is  important  to  use  coatings  that  will  both  alter  the  interfacial  tribological  character 
and  remain  intact  and  protect  the  surfaces  from  damage  during  sliding.  Berman 
et  al.  [318]  found  that  the  friction  of  a  strongly  bound  octadecyl  phosphonic  acid 
monolayer  on  alumina  surfaces  was  higher  than  for  untreated,  undamaged 
a-alumina  surfaces,  but  the  bare  surfaces  easily  became  damaged  upon  sliding, 
resulting  in  an  ultimately  higher  friction  system  with  greater  wear  rates  than  the 
more  robust  monolayer-coated  surfaces. 

Clearly,  the  mechanism  and  factors  that  determine  normal  friction  are 
quite  different  from  those  that  govern  interfacial  friction  (Sects.  13.7.1  and 
13.7.2).  This  effect  is  not  general  and  may  only  apply  to  brittle  materials.  For 
example,  the  friction  of  ductile  surfaces  is  totally  different  and  involves  the 
continuous  plastic  deformation  of  contacting  surface  asperities  during  sliding, 
rather  than  the  rolling  of  two  surfaces  on  hard  wear  particles  [259].  Furthermore, 
in  the  case  of  ductile  surfaces,  water  and  other  surface-active  components  do  have 
an  effect  on  the  friction  coefficients  under  "normal"  sliding  conditions. 
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13.8     Liquid  Lubricated  Surfaces 

13.8.1     Viscous  Forces  and  Friction  of  Thick  Films: 
Continuum  Regime 

Experimentally,  it  is  usually  difficult  to  unambiguously  establish  which  type  of 
sliding  mode  is  occurring,  but  an  empirical  criterion,  based  on  the  Stribeck  curve 
(Fig.  13.13),  is  often  used  as  an  indicator.  This  curve  shows  how  the  friction  force  or 
the  coefficient  of  friction  is  expected  to  vary  with  sliding  speed,  depending  on 
which  type  of  friction  regime  is  operating.  For  thick  liquid  lubricant  films  whose 
behavior  can  be  described  by  bulk  (continuum)  properties,  the  friction  forces  are 
essentially  the  hydrodynamic  or  viscous  drag  forces.  For  example,  for  two  plane 
parallel  surfaces  of  area  A  separated  by  a  distance  D  and  moving  laterally  relative  to 
each  other  with  velocity  v,  if  the  intervening  liquid  is  Newtonian,  i.e.,  if  its  viscosity 
r\  is  independent  of  the  shear  rate,  the  frictional  force  experienced  by  the  surfaces  is 
given  by 

riAv 
F  =  Jp-,  (13-44) 


where  the  shear  rate  y  is  defined  by 


y=X-.  (13.45) 


At  higher  shear  rates,  two  additional  effects  often  come  into  play.  First,  certain 
properties  of  liquids  may  change  at  high  y  values.  In  particular,  the  effective 
viscosity  may  become  non-Newtonian,  one  form  given  by 

ryocy",  (13.46) 

where  n  —  0  (i.e.,  7/eft  =  constant)  for  Newtonian  fluids,  n  >  0  for  shear-thickening 
(dilatant)  fluids,  and  n  <  0  for  shear-thinning  (pseudoplastic)  fluids  (the  latter 
become  less  viscous,  i.e.,  flow  more  easily,  with  increasing  shear  rate).  An  additional 
effect  on  rj  can  arise  from  the  higher  local  stresses  (pressures)  experienced  by  the 
liquid  film  as  y  increases.  Since  the  viscosity  is  generally  also  sensitive  to  the  pressure 
(usually  increasing  with  P),  this  effect  also  acts  to  increase  r)e{f  and  thus  the  friction 
force. 

A  second  effect  that  occurs  at  high  shear  rates  is  surface  deformation,  arising 
from  the  large  hydrodynamic  forces  acting  on  the  sliding  surfaces.  For  example, 
Fig.  13.23  shows  how  two  surfaces  deform  elastically  when  the  sliding  speed 
increases  to  a  high  value.  These  deformations  alter  the  hydrodynamic  friction 
forces,  and  this  type  of  friction  is  often  referred  to  as  elastohydrodynamic  lubrica- 
tion (EHD  or  EHL),  as  mentioned  in  Table  13.4. 
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How  thin  can  a  liquid  film  be  before  its  dynamic,  e.g.,  viscous  flow,  behavior 
ceases  to  be  described  by  bulk  properties  and  continuum  models?  Concerning  the 
static  properties,  we  have  already  seen  in  Sect.  13.4.3  that  films  composed  of  simple 
liquids  display  continuum  behavior  down  to  thicknesses  of  4-10  molecular  dia- 
meters. Similar  effects  have  been  found  to  apply  to  the  dynamic  properties,  such  as 
the  viscosity,  of  simple  liquids  in  thin  films.  Concerning  viscosity  measurements,  a 
number  of  dynamic  techniques  were  recently  developed  [11-13,44,  52,  319,  320]  for 
directly  measuring  the  viscosity  as  a  function  of  film  thickness  and  shear  rate  across 
very  thin  liquid  films  between  two  surfaces.  By  comparing  the  results  with  theoreti- 
cal predictions  of  fluid  flow  in  thin  films,  one  can  determine  the  effective  positions  of 
the  shear  planes  and  the  onset  of  non-Newtonian  behavior  in  very  thin  films. 

The  results  show  that,  for  simple  liquids  including  linear  chain  molecules  such  as 
alkanes,  the  viscosity  in  thin  films  is  the  same,  within  10%,  as  the  bulk  even  for 
films  as  thin  as  10  molecular  diameters  (or  segment  widths)  [11-13,  319,  320].  This 
implies  that  the  shear  plane  is  effectively  located  within  one  molecular  diameter  of 
the  solid-liquid  interface,  and  these  conclusions  were  found  to  remain  valid  even  at 
the  highest  shear  rates  studied  (of  ~2x  105  s_1).  With  water  between  two  mica 
or  silica  surfaces  [23,  313,  319-321]  this  has  been  found  to  be  the  case  (to 
within  ±10%)  down  to  surface  separations  as  small  as  2  nm,  implying  that  the 
shear  planes  must  also  be  within  a  few  tenths  of  a  nanometer  of  the  solid-liquid 
interfaces.  These  results  appear  to  be  independent  of  the  existence  of  electrostatic 
"double-layer"  or  "hydration"  forces.  For  the  case  of  the  simple  liquid  toluene 
confined  between  surfaces  with  adsorbed  layers  of  Cgo  molecules,  this  type  of 
viscosity  measurement  has  shown  that  the  traditional  no-slip  assumption  for  flow 
at  a  solid  interface  does  not  always  hold  [322].  The  Cgo  layer  at  the  mica-toluene 
interface  results  in  a  "full-slip"  boundary,  which  dramatically  lowers  the  viscous 
drag  or  effective  viscosity  for  regular  Couette  or  Poiseuille  flow. 

With  polymeric  liquids  (polymer  melts)  such  as  polydimethylsiloxanes  (PDMS) 
and  polybutadienes  (PBD),  or  with  polystyrene  (PS)  adsorbed  onto  surfaces  from 
solution,  the  far-field  viscosity  is  again  equal  to  the  bulk  value,  but  with  the  nonslip 
plane  (hydrodynamic  layer  thickness)  being  located  at  D  =  1-2  Rg  away  from  each 
surface  [11,  48],  or  at  D  =  L  or  less  for  polymer  brush  layers  of  thickness  L  per 
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surface  [13,  323].  In  contrast,  the  same  technique  was  used  to  show  that,  for 
nonadsorbing  polymers  in  solution,  there  is  actually  a  depletion  layer  of  nearly 
pure  solvent  that  exists  at  the  surfaces  that  affects  the  confined  solution  flow 
properties  [321].  These  effects  are  observed  from  near  contact  to  surface  separa- 
tions in  excess  of  200  nm. 

Further  experiments  with  surfaces  closer  than  a  few  molecular  diameters 
(D  <  2—4  nm  for  simple  liquids,  or  D  <  2.-A  y?g  for  polymer  fluids)  indicate  that 
large  deviations  occur  for  thinner  films,  described  below.  One  important  conclusion 
from  these  studies  is,  therefore,  that  the  dynamic  properties  of  simple  liquids, 
including  water,  near  an  isolated  surface  are  similar  to  those  of  the  bulk  liquid 
already  within  the  first  layer  of  molecules  adjacent  to  the  surface,  only  changing 
when  another  surface  approaches  the  first.  In  other  words,  the  viscosity  and  position 
of  the  shear  plane  near  a  surface  are  not  simply  a  property  of  that  surface,  but  of 
how  far  that  surface  is  from  another  surface.  The  reason  for  this  is  that,  when  two 
surfaces  are  close  together,  the  constraining  effects  on  the  liquid  molecules  between 
them  are  much  more  severe  than  when  there  is  only  one  surface.  Another  obvious 
consequence  of  the  above  is  that  one  should  not  make  measurements  on  a  single, 
isolated  solid-liquid  interface  and  then  draw  conclusions  about  the  state  of  the 
liquid  or  its  interactions  in  a  thin  film  between  two  surfaces. 


13.8.2    Friction  of  Intermediate  Thickness  Films 

For  liquid  films  in  the  thickness  range  between  4  and  10  molecular  diameters,  the 
properties  can  be  significantly  different  from  those  of  bulk  films.  Still,  the  fluids 
remain  recognizable  as  fluids;  in  other  words,  they  do  not  undergo  a  phase  transition 
into  a  solid  or  liquid-crystalline  phase.  This  regime  has  recently  been  studied  by 
Granick  et  al.  [45,  273-276],  who  used  a  friction  attachment  [44,  45]  to  the  SFA 
where  a  sinusoidal  input  signal  to  a  piezoelectric  device  makes  the  two  surfaces 
slide  back  and  forth  laterally  past  each  other  at  small  amplitudes.  This  method 
provides  information  on  the  real  and  imaginary  parts  (elastic  and  dissipative 
components,  respectively)  of  the  shear  modulus  of  thin  films  at  different  shear 
rates  and  film  thickness.  Granick  [273]  and  Hu  et  al.  [276]  found  that  films  of  simple 
liquids  become  non-Newtonian  in  the  2.5-5  nm  regime  (about  10  molecular  dia- 
meters, Fig.  13.24).  Polymer  melts  become  non-Newtonian  at  much  larger  film 
thicknesses,  depending  on  their  molecular  weight  [48]. 

Klein  and  Kumacheva  [47,  280,  325]  studied  the  interaction  forces  and  friction 
of  small  quasi-spherical  liquid  molecules  such  as  cyclohexane  between  molecularly 
smooth  mica  surfaces.  They  concluded  that  surface  epitaxial  effects  can  cause  the 
liquid  film  to  solidify  already  at  six  molecular  diameters,  resulting  in  a  sudden 
(discontinuous)  jump  to  high  friction  at  low  shear  rates.  Such  dynamic  first-order 
transitions,  however,  may  depend  on  the  shear  rate. 

A  generalized  friction  map  (Fig.  13.24c,d)  has  been  proposed  by  Luengo 
et  al.  [324]  that  illustrates  the  changes  in  77eff  from  bulk  Newtonian  behavior 
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Fig.  13.24  Typical  rheological  behavior  of  liquid  films  in  the  mixed  lubrication  regime, 
(a)  Increase  in  effective  viscosity  of  dodecane  film  between  two  mica  surfaces  with  decreasing 
film  thickness.  At  distances  larger  than  4—5  nm,  the  effective  viscosity  7-/eff  approaches  the  bulk 
value  r/buik  and  does  not  depend  on  the  shear  rate  y  (after  [273],  ©  1991  American  Association  for 
the  Advancement  of  Science.),  (b)  Non-Newtonian  variation  of  r/eff  with  shear  rate  of  a  2.7  nm 
thick  dodecane  film  at  a  net  normal  pressure  of  0.12  MPa  and  at  28  °C.  The  effective  viscosity 
decays  as  a  power  law,  as  in  (13.46).  In  this  example,  n  =  0  at  the  lowest  y  and  changes  to 
n  =  —2/3  and  —  1  at  higher  y.  For  films  of  bulk  thickness,  dodecane  is  a  low-viscosity  Newtonian 
fluid  (n  =  0).  (c)  Proposed  general  friction  map  of  effective  viscosity  r/eff  (arbitrary  units)  as  a 
function  of  effective  shear  rate  y  (arbitrary  units)  on  logarithmic  scales.  Three  main  classes  of 
behavior  emerge:  (1)  Thick  films:  elastohydrodynamic  sliding.  At  L  =  0,  approximating  bulk 
conditions,  7jeff  is  independent  of  shear  rate  except  when  shear  thinning  might  occur  at  sufficiently 
large  y.  (2)  Boundary  layer  films,  intermediate  regime.  A  Newtonian  regime  is  again  observed 
(r;eff  =  constant,  n  =  0  in  (13.46))  at  low  loads  and  low  shear  rates,  but  r/eff  is  much  higher  than 
the  bulk  value.  As  the  shear  rate  y  increases  beyond  }>min,  the  effective  viscosity  starts  to  drop  with 
a  power-law  dependence  on  the  shear  rate  (b),  with  n  in  the  range  — 1/2  to  —  1  most  commonly 
observed.  As  the  shear  rate  y  increases  still  more,  beyond  }»max,  a  second  Newtonian  plateau  is 
encountered.  (3)  Boundary  layer  films,  high  load.  The  r/eff  continues  to  grow  with  load  and  to  be 
Newtonian  provided  that  the  shear  rate  is  sufficiently  low.  Transition  to  sliding  at  high  velocity  is 
discontinuous  (n  <  —  1 )  and  usually  of  the  stick-slip  variety,  (d)  Proposed  friction  map  of  friction 
force  as  a  function  of  sliding  velocity  in  various  tribological  regimes.  With  increasing  load, 
Newtonian  flow  in  the  elastohydrodynamic  (EHD)  regimes  crosses  into  the  boundary  regime  of 
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Table  13.5    Effect  of  molecular  shapeand  short-range  forces  on  tribological  properties  for  molec- 
ularly thin  liquid  films  between  two  shearing  mica  surfaces  at  20°  C 


Liquid 

Short-range 

Type  of  friction 

Friction 

Bulk  liquid 

force 

coefficient 

viscosity  (cP) 

Organic  (water-free) 

Cyclohexane 

Oscillatory 

Quantized 
stick-slip 

>  1 

0.6 

OMCTSa 

Oscillatory 

Quantized 
stick-slip 

>  1 

2.3 

Octane 

Oscillatory 

Quantized 
stick-slip 

1.5 

0.5 

Tetradecane 

Oscillatory 
<->  smooth 

stick-slip 
<->  smooth 

1.0 

2.3 

Octadecane  (branched) 

Oscillatory 
<->  smooth 

stick-slip 
<->  smooth 

0.3 

5.5 

PDMSa 

Oscillatory 

Smooth 

0.4 

50 

(M=  3,700  gmol"1, 

<->  smooth 

melt) 

PBDa(M  =  3,500  g  mol-1, 

Smooth 

Smooth 

0.03 

800 

branched) 

Water 

Water  (KC1  solution) 

Smooth 

Smooth 

0.01-0.03 

1.0 

AOMCTS  Octamethylcyclotetrasiloxane,  PDMS  Polydimethylsiloxane,  PBD  Polybutadiene 


(n  =  0,  77eff  =  rjhu[k)  through  the  transition  regime  where  n  reaches  a  minimum 
of  —  1  with  decreasing  shear  rate  to  the  solidlike  creep  regime  at  very  low  y  where 
n  returns  to  0.  A  number  of  results  from  experimental,  theoretical,  and  computer 
simulation  work  have  shown  values  of  n  from  —  1/2  to  —  1  for  this  transition  regime 
for  a  variety  of  systems  and  assumptions  [273,  274,  299,  326-332], 

The  intermediate  regime  appears  to  extend  over  a  narrow  range  of  film  thickness, 
from  about  4  to  10  molecular  diameters  or  polymer  radii  of  gyration.  Thinner  films 
begin  to  adopt  boundary  or  interfacial  friction  properties  (described  below,  see  also 
Table  13.5).  Note  that  the  intermediate  regime  is  actually  a  very  narrow  one  when 
defined  in  terms  of  film  thickness,  for  example,  varying  from  about  D  =  2  to  4  nm 
for  hexadecane  films  [273]. 


Fig.  13.24  (continued)  lubrication.  Note  that  even  EHD  lubrication  changes,  at  the  highest 
velocities,  to  limiting  shear  stress  response.  At  the  highest  loads  (L)  and  smallest  film  thickness 
(D),  the  friction  force  goes  through  a  maximum  (the  static  friction  Fs)  followed  by  a  regime  where 
the  friction  coefficient  (,u)  is  roughly  constant  with  increasing  velocity  (meaning  that  the  kinetic 
friction,  Fk,  is  roughly  constant).  Non-Newtonian  shear  thinning  is  observed  at  somewhat  smaller 
load  and  larger  film  thickness;  the  friction  force  passes  through  a  maximum  at  the  point  where 
De  =  1 .  De  -  the  Deborah  number  -  is  the  point  at  which  the  applied  shear  rate  exceeds  the  natural 
relaxation  timeof  the  boundary  layer  film.  The  velocity  axis  from  10~  to  10  (arbitrary  units) 
indicates  a  large  span.  (Panels  (b-d)  after  [324],  ©  1996,  with  permission  from  Elsevier  Science) 
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A  fluid's  effective  viscosity  rjeft  in  the  intermediate  regime  is  usually  higher  than 
in  the  bulk,  but  77eff  usually  decreases  with  increasing  sliding  velocity,  v  (known  as 
shear  thinning). When  two  surfaces  slide  in  the  intermediate  regime,  the  motion 
tends  to  thicken  the  film  (dilatancy).  This  sends  the  system  into  the  bulk  EHD  regime 
where,  as  indicated  by  (13.44),  the  friction  force  now  increases  with  velocity.  This 
initial  decrease,  followed  by  an  increase,  in  the  frictional  forces  of  many  lubricant 
systems  is  the  basis  for  the  empirical  Stribeck  curve  of  Fig.  13.13.  In  the  transition 
from  bulk  to  boundary  behavior  there  is  first  a  quantitative  change  in  the  material 
properties  (viscosity  and  elasticity),  which  can  be  continuous,  to  discontinuous 
qualitative  changes  that  result  in  yield  stresses  and  nonliquidlike  behavior. 

The  rest  of  this  section  is  devoted  to  friction  in  the  boundary  regime.  Boundary 
friction  may  be  thought  of  as  applying  to  the  case  where  a  lubricant  film  is  present, 
but  where  this  film  is  of  molecular  dimensions  -  a  few  molecular  layers  or  less. 


13.8.3    Boundary  Lubrication  of  Molecularly  Thin  Films: 
Nanorheology 

When  a  liquid  is  confined  between  two  surfaces  or  within  any  narrow  space  whose 
dimensions  are  less  than  4-10  molecular  diameters,  both  the  static  (equilibrium) 
and  dynamic  properties  of  the  liquid,  such  as  its  compressibility  and  viscosity,  can 
no  longer  be  described  even  qualitatively  in  terms  of  the  bulk  properties.  The 
molecules  confined  within  such  molecularly  thin  films  become  ordered  into  layers 
("out-of-plane"  ordering),  and  within  each  layer  they  can  also  have  lateral  order 
("in-plane"  ordering).  Such  films  may  be  thought  of  as  behaving  more  like  a  liquid 
crystal  or  a  solid  than  a  liquid. 

As  described  in  Sect.  13.4.3,  the  measured  normal  forces  between  two  solid 
surfaces  across  molecularly  thin  films  exhibit  exponentially  decaying  oscillations, 
varying  between  attraction  and  repulsion  with  a  periodicity  equal  to  some  molecu- 
lar dimension  of  the  solvent  molecules.  Thus  most  liquid  films  can  sustain  a  finite 
normal  stress,  and  the  adhesion  force  between  two  surfaces  across  such  films  is 
"quantized",  depending  on  the  thickness  (or  number  of  liquid  layers)  between  the 
surfaces.  The  structuring  of  molecules  in  thin  films  and  the  oscillatory  forces  it 
gives  rise  to  are  now  reasonably  well  understood,  both  experimentally  and  theoreti- 
cally, at  least  for  simple  liquids. 

Work  has  also  recently  been  done  on  the  dynamic,  e.g.,  viscous  or  shear,  forces 
associated  with  molecularly  thin  films.  Both  experiments  [39,  47,  257,  277,  280, 
281,  333,  334]  and  theory  [254,  255,  326,  335]  indicate  that,  even  when  two 
surfaces  are  in  steady-state  sliding,  they  still  prefer  to  remain  in  one  of  their  stable 
potential-energy  minima,  i.e.,  a  sheared  film  of  liquid  can  retain  its  basic  layered 
structure.  Thus  even  during  motion  the  film  does  not  become  totally  liquidlike. 
Indeed,  if  there  is  some  "in-plane"  ordering  within  a  film,  it  will  exhibit  a  yield 
point  before  it  begins  to  flow.  Such  films  can  therefore  sustain  a  finite  shear  stress, 
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in  addition  to  a  finite  normal  stress.  The  value  of  the  yield  stress  depends  on  the 
number  of  layers  comprising  the  film  and  represents  another  "quantized"  property 
of  molecularly  thin  films  [254]. 

The  dynamic  properties  of  a  liquid  film  undergoing  shear  are  very  complex. 
Depending  on  whether  the  film  is  more  liquidlike  or  solidlike,  the  motion  will  be 
smooth  or  of  the  stick-slip  type  illustrated  schematically  in  Fig.  13.25.  During 
sliding,  transitions  can  occur  between  n  layers  and  (n  —  1)  or  (n  +  1)  layers 
(Fig.  13.27).  The  details  of  the  motion  depend  critically  on  the  externally  applied 
load,  the  temperature,  the  sliding  velocity,  the  twist  angle  between  the  two  surface 
lattices,  and  the  sliding  direction  relative  to  the  lattices. 
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Fig.  13.25  Simple  schematic  illustration  of  the  most  common  molecular  mechanism  leading  from 
smooth  to  stick-slip  sliding  in  terms  of  the  efficiency  of  the  energy  transfer  from  mechanical  to 
kinetic  to  phonons.  The  potential  energy  of  the  corrugated  surface  lattice  is  shown  by  the 
horizontal  sine  wave.  Let  the  depth  of  each  minimum  be  e  which  is  typically  >  kBT.  At  equilib- 
rium, a  molecule  will  "sit"  at  one  of  these  minima.  When  the  molecule  is  connected  to  a  horizontal 
spring,  a  smooth  parabolic  curve  must  be  added  to  the  horizontal  curve.  If  this  spring  is  now 
pushed  or  pulled  laterally  at  a  constant  velocity  v,  the  sine  curve  will  move  like  a  wave  along  the 
parabola  carrying  the  molecule  up  with  it  (towards  point  A).  When  the  point  of  inflection  at  A  is 
reached  the  molecule  will  drop  and  acquire  a  kinetic  energy  greater  than  e  even  before  it  reaches 
the  next  lattice  site.  This  energy  can  be  "released"  at  the  next  lattice  site  (i.e.,  on  the  first  collision), 
in  which  case  the  processes  will  now  be  repeated  -  each  time  the  molecule  reaches  point  A  it  will 
fall  to  point  B.  This  type  of  motion  will  give  rise  to  periodic  changes  in  temperature  at  the 
interface,  as  predicted  by  computer  simulations  [336].  The  stick-slip  here  will  have  a  magnitude  of 
the  lattice  dimension  and,  except  for  AFM  measurements  that  can  detect  such  small  atomic-scale 
jumps  [60,337],  the  measured  macro-  and  microscopic  friction  forces  will  be  smooth  and  indepen- 
dent of  v.  If  the  energy  dissipation  (or  "transfer")  mechanism  is  less  than  100%  efficient  on  each 
collision,  the  molecule  will  move  further  before  it  stops.  In  this  case  the  stick-slip  amplitude  can 
be  large  (point  C),  and  the  kinetic  friction  Fk  can  even  be  negative  in  the  case  of  an  overshoot 
(point  D)  (after  [287],  with  permission,  ©  2004  American  Chemical  Society) 
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Smooth  and  Stick-Slip  Sliding 

Recent  advances  in  friction-measuring  techniques  have  enabled  the  interfacial 
friction  of  molecularly  thin  films  to  be  measured  with  great  accuracy.  Some  of 
these  advances  have  involved  the  surface  forces  apparatus  technique  [39,  45-48, 
274,  277,  280,  281,  285,  286,  296,  297,  308,  313,  333,  334,  338]  while  others  have 
involved  the  atomic  force  microscope  [10,  59,  60,  284,  290,  339,  340].  In  addition, 
computer  simulations  [111,  151,  254,  255,  287,  295,  299-302,  315-317,  335, 
336,  341]  have  become  sufficiently  sophisticated  to  enable  fairly  complex  tribolog- 
ical  systems  to  be  studied.  All  these  advances  are  necessary  if  one  is  to  probe  such 
subtle  effects  as  smooth  or  stick-slip  friction,  transient  and  memory  effects,  and 
ultralow  friction  mechanisms  at  the  molecular  level. 

The  theoretical  models  presented  in  this  section  will  be  concerned  with  a  situation 
commonly  observed  experimentally:  stick-slip  occurs  between  a  static  state  with 
high  friction  and  a  low-friction  kinetic  state,  and  a  transition  from  this  sliding  regime 
to  smooth  sliding  can  be  induced  by  an  increase  in  velocity.  Experimental  data  on 
various  systems  showing  this  behavior  are  shown  in  Figs.  13.27,  13.30b,  and  13.31a. 
Recent  studies  on  adhesive  systems  have  revealed  the  possibility  of  other  dynamic 
responses  such  as  inverted  stick-slip  between  two  kinetic  states  of  higher  and  lower 
friction  and  with  a  transition  from  smooth  sliding  to  stick-slip  with  increasing 
velocity,  as  shown  in  Fig.  13.30c  [342].  Similar  friction  responses  have  also  been 
seen  in  computer  simulations  [343]. 

With  the  added  insights  provided  by  computer  simulations,  a  number  of  distinct 
molecular  processes  have  been  identified  during  smooth  and  stick-slip  sliding  in 
model  systems  for  the  more  familiar  static-to-kinetic  stick-slip  and  transition  from 
stick-slip  to  smooth  sliding.  These  are  shown  schematically  in  Fig.  13.26  for  the 
case  of  spherical  liquid  molecules  between  two  solid  crystalline  surfaces.  The 
following  regimes  may  be  identified: 

Surfaces  at  rest  (Fig.  13.26a):  even  with  no  externally  applied  load,  solvent- 
surface  epitaxial  interactions  can  cause  the  liquid  molecules  in  the  film  to  attain  a 
solidlike  state.  Thus  at  rest  the  surfaces  are  stuck  to  each  other  through  the  film. 

Sticking  regime  (frozen,  solidlike  film)  (Fig.  13.26b):  a  progressively  increasing 
lateral  shear  stress  is  applied.  The  solidlike  film  responds  elastically  with  a  small  lateral 
displacement  and  a  small  increase  or  dilatancy  in  film  thickness  (less  than  a  lattice 
spacing  or  molecular  dimension  a).  In  this  regime  the  film  retains  its  frozen,  solidlike 
state:  all  the  strains  are  elastic  and  reversible,  and  the  surfaces  remain  effectively  stuck 
to  each  other.  However,  slow  creep  may  occur  over  long  time  periods. 

Slipping  and  sliding  regimes  (molten,  liquidlike  film)  (Fig.  13.26c-c"):  when  the 
applied  shear  stress  or  force  has  reached  a  certain  critical  value,  the  static  friction 
force  Fs  the  film  suddenly  melts  (known  as  "shear  melting")  or  rearranges  to  allow 
for  wall  slip  or  slip  within  the  film  to  occur  at  which  point  the  two  surfaces  begin  to 
slip  rapidly  past  each  other.  If  the  applied  stress  is  kept  at  a  high  value,  the  upper 
surface  will  continue  to  slide  indefinitely. 

Refreezing  regime  (resolidification  of  film)  (Fig.13.26d):  In  many  practical 
cases,  the  rapid  slip  of  the  upper  surface  relieves  some  of  the  applied  force,  which 


13     Surface  Forces  and  Nanorheology  of  Molecularly  Thin  Films 


173 


Applied  stress 


Stress 


a)  At  rest 


y  b)  Sticking  .}►  c)  Slipping 

(whole  film  melts) 
Stress  Stress 


c')  Slipping  ^c")  Slipping  >  d)  Refreezing 

(one  layer  melts)  (interlayer  slip) 

Fig.  13.26  Idealized  schematic  illustration  of  molecular  rearrangements  occurring  in  a  molecu- 
larly thin  film  of  spherical  or  simple  chain  molecules  between  two  solid  surfaces  during  shear. 
Depending  on  the  system,  a  number  of  different  molecular  configurations  within  the  film  are 
possible  during  slipping  and  sliding,  shown  here  as  stages  (c)  total  disorder  as  the  whole  film  melts; 
(c')  partial  disorder;  and  (c")  order  persists  even  during  sliding  with  slip  occurring  at  a  single  slip 
plane  either  within  the  film  or  at  the  walls.  A  dilation  is  predicted  in  the  direction  normal  to  the 
surfaces  (after  [278],  with  permission) 


eventually  falls  below  another  critical  value,  the  kinetic  friction  force  F^,  at  which 
point  the  film  resolidifies  and  the  whole  stick-slip  cycle  is  repeated.  On  the  other 
hand,  if  the  slip  rate  is  smaller  than  the  rate  at  which  the  external  stress  is  applied,  the 
surfaces  will  continue  to  slide  smoothly  in  the  kinetic  state  and  there  will  be  no  more 
stick-slip.  The  critical  velocity  at  which  stick-slip  disappears  is  discussed  in  more 
detail  in  Sect.  13.8.3. 

Experiments  with  linear  chain  (alkane)  molecules  show  that  the  film  thickness 
remains  quantized  during  sliding,  so  that  the  structure  of  such  films  is  probably  more 
like  that  of  a  nematic  liquid  crystal  where  the  liquid  molecules  have  become  shear- 
aligned  in  some  direction,  enabling  shear  motion  to  occur  while  retaining  some  order 
within  the  film  [344].  Experiments  on  the  friction  of  two  molecularly  smooth  mica 
surfaces  separated  by  three  molecular  layers  of  the  liquid  octamethylcyclotetrasilox- 
ane  (OMCTS,  Fig.  13.27)  show  how  the  friction  increases  to  higher  values  in  a 
quantized  way  when  the  number  of  layers  falls  from  n  =  3  ton  =  2  and  then  to  «  =  1. 

Computer  simulations  for  simple  spherical  molecules  [255]  further  indicate  that 
during  slip  the  film  thickness  is  roughly  15%  higher  than  at  rest  (i.e.,  the  film 
density  falls),  and  that  the  order  parameter  within  the  film  drops  from  0.85  to  about 
0.25.  Such  dilatancy  has  been  investigated  both  experimentally  [296]  and  in  further 
computer  simulations  [295].  The  changes  in  thickness  and  in  the  order  parameter 
are  consistent  with  a  disorganized  state  for  the  whole  film  during  the  slip  [335],  as 
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Fig.  13.27  Measured  change  in  friction  during  interlayer  transitions  of  the  silicone  liquid  octa- 
methylcyclotetrasiloxane  (OMCTS),  an  inert  liquid  whose  quasi-spherical  molecules  have  a  diame- 
ter of  0.8  nm.  In  this  system,  the  shear  stress  Sc  =  F/A  was  found  to  be  constant  as  long  as  the 
number  of  layers,  n,  remained  constant.  Qualitatively  similar  results  have  been  obtained  with  other 
quasi-spherical  molecules  such  as  cyclohexane  [333].  The  shear  stresses  are  only  weakly  dependent 
on  the  sliding  velocity  v.  However,  for  sliding  velocities  above  some  critical  value,  vc,  the  stick-slip 
disappears  and  sliding  proceeds  smoothly  at  the  kinetic  value  (after  [277],  with  permission) 

illustrated  schematically  in  Fig.  13.26c.  At  this  stage,  we  can  only  speculate  on 
other  possible  configurations  of  molecules  in  the  slipping  and  sliding  regimes.  This 
probably  depends  on  the  shapes  of  the  molecules  (e.g.,  whether  they  are  spherical  or 
linear  or  branched),  on  the  atomic  structure  of  the  surfaces,  on  the  sliding  velocity, 
etc.  [345].  Figure  13.26c-c"  shows  three  possible  sliding  modes  wherein  the 
shearing  film  either  totally  melts,  or  where  the  molecules  retain  their  layered 
structure  and  where  slip  occurs  between  two  or  more  layers.  Other  sliding  modes, 
for  example,  involving  the  movement  of  dislocations  or  disclinations  are  also 
possible,  and  it  is  unlikely  that  one  single  mechanism  applies  in  all  cases. 

Both  friction  and  adhesion  hysteresis  vary  nonlinearly  with  temperature,  often 
peaking  at  some  particular  temperature  T0.  The  temperature  dependence  of  these 
forces  can,  therefore,  be  represented  on  a  friction  phase  diagram  such  as  the  one 
shown  in  Fig.  13.28.  Experiments  have  shown  that  T0,  and  the  whole  bell-shaped 
curve,  are  shifted  along  the  temperature  axis  (as  well  as  in  the  vertical  direction)  in  a 
systematic  way  when  the  load,  sliding  velocity,  etc.,  are  varied.  These  shifts  also 
appear  to  be  highly  correlated  with  one  another,  for  example,  an  increase  in 
temperature  produces  effects  that  are  similar  to  decreasing  the  sliding  speed  or  load. 

Such  effects  are  also  commonly  observed  in  other  energy-dissipating  phenom- 
ena such  as  polymer  viscoelasticity  [346],  and  it  is  likely  that  a  similar  physical 
mechanism  is  at  the  heart  of  all  such  phenomena.  A  possible  molecular  process 
underlying  the  energy  dissipation  of  chain  molecules  during  boundary-layer  sliding 
is  illustrated  in  Fig.  13.29,  which  shows  the  three  main  dynamic  phase  states  of 
boundary  monolayers. 
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Fig.  13.28  Schematic  friction  phase  diagram  representing  the  trends  observed  in  the  boundary 
friction  of  a  variety  of  different  surfactant  monolayers.  The  characteristic  bell-shaped  curve  also 
correlates  with  the  adhesion  energy  hysteresis  of  the  monolayers.  The  arrows  indicate  the  direction 
in  which  the  whole  curve  is  dragged  when  the  load,  velocity,  etc.,  is  increased  (after  [291],  with 
permission) 


iHSinsann  gram 


Solidlike 


Amorphous 


Liquidlike 


iiliii  tiim!  vt/tti 

Fig.  13.29  Different  dynamic  phase  states  of  boundary  monolayers  during  adhesive  contact  and/ 
or  frictional  sliding.  Solidlike  (a)  and  liquidlike  monolayers  (c)  exhibit  low  adhesion  hysteresis 
and  friction.  Increasing  the  temperature  generally  shifts  a  system  from  the  left  to  the  right. 
Changing  the  load,  sliding  velocity,  or  other  experimental  conditions  can  also  change  the  dynamic 
phase  state  of  surface  layers,  as  shown  in  Fig.  13.28  (after  [291],  with  permission) 

In  contrast  to  the  characteristic  relaxation  time  associated  with  fluid  lubricants,  it 
has  been  established  that  for  unlubricated  (dry,  solid,  rough)  surfaces,  there  is  a 
characteristic  memory  distance  that  must  be  exceeded  before  the  system  loses  all 
memory  of  its  initial  state  (original  surface  topography).  The  underlying  mechanism 
for  a  characteristic  distance  was  first  used  to  successfully  explain  rock  mechanics 
and  earthquake  faults  [347]  and,  more  recently,  the  tribological  behavior  of  unlu- 
bricated surfaces  of  ceramics,  paper  and  elastomeric  polymers  [314,  348].  Recent 
experiments  [285,  344,  345,  349]  suggest  that  fluid  lubricants  composed  of  complex 
branched-chained  or  polymer  molecules  may  also  have  characteristic  distances  (in 
addition  to  characteristic  relaxation  times)  associated  with  their  tribological  behav- 
ior -  the  characteristic  distance  being  the  total  sliding  distance  that  must  be  exceeded 
before  the  system  reaches  its  steady-state  tribological  conditions  (Sect.  13.8.3). 
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Abrupt  Versus  Continuous  Transitions  Between  Smooth 
and  Stick-Slip  Sliding 

An  understanding  of  stick-slip  is  of  great  practical  importance  in  tribology  [350], 
since  these  spikes  are  the  major  cause  of  damage  and  wear  of  moving  parts.  Stick-slip 
motion  is  a  very  common  phenomenon  and  is  also  the  cause  of  sound  generation  (the 
sound  of  a  violin  string,  a  squeaking  door,  or  the  chatter  of  machinery),  sensory 
perception  (taste  texture  and  feel),  earthquakes,  granular  flow,  nonuniform  fluid 
flow  such  as  the  spurting  flow  of  polymeric  liquids,  etc.  In  the  previous  section,  the 
stick-slip  motion  arising  from  freezing-melting  transitions  in  thin  interfacial  films 
was  described.  There  are  other  mechanisms  that  can  give  rise  to  stick-slip  friction, 
which  will  now  be  considered.  However,  before  proceeding  with  this,  it  is  important  to 
clarify  exactly  what  one  is  measuring  during  a  friction  experiment. 

Most  tribological  systems  and  experiments  can  be  described  in  terms  of  an 
equivalent  mechanical  circuit  with  certain  characteristics.  The  friction  force  F0, 
which  is  generated  at  the  surfaces,  is  generally  measured  as  F  at  some  other  place  in 
the  setup.  The  mechanical  coupling  between  the  two  may  be  described  in  terms  of  a 
simple  elastic  stiffness  or  compliance  K  or  as  more  complex  nonelastic  coefficients, 
depending  on  the  system.  The  distinction  between  F  and  F0  is  important  because,  in 
almost  all  practical  cases,  the  applied,  measured,  or  detected  force  F  is  not  the  same 
as  the  "real"  or  "intrinsic"  friction  force  F0  generated  at  the  surfaces.  F  and  FQ  are 
coupled  in  a  way  that  depends  on  the  mechanical  construction  of  the  system,  for 
example,  the  axle  of  a  car  wheel  that  connects  it  to  the  engine.  This  coupling  can  be 
modeled  as  an  elastic  spring  of  stiffness  K  and  mass  m.  This  is  the  simplest  type  of 
mechanical  coupling  and  is  also  the  same  as  in  SFA-  and  AFM-type  experiments. 
More  complicated  real  systems  can  be  reduced  to  a  system  of  springs  and  dashpots, 
as  described  by  Peachey  et  al.  [351]  and  Luengo  et  al.  [48]. 

We  now  consider  four  different  models  of  stick-slip  friction,  where  the  mechan- 
ical couplings  are  assumed  to  be  of  the  simple  elastic  spring  type.  The  first  three 
mechanisms  may  be  considered  traditional  or  classical  mechanisms  or  models 
[350],  the  fourth  is  essentially  the  same  as  the  freezing-melting  phase-transition 
model  described  in  Sect.  13.8.3. 


Rough  Surfaces  or  Surface  Topology  Model 

Rapid  slips  can  occur  whenever  an  asperity  on  one  surface  goes  over  the  top  of  an 
asperity  on  the  other  surface.  The  extent  of  the  slip  will  depend  on  asperity  heights 
and  slopes,  on  the  speed  of  sliding,  and  on  the  elastic  compliance  of  the  surfaces  and 
the  moving  stage.  As  in  all  cases  of  stick-slip  motion,  the  driving  velocity  v  may  be 
constant,  but  the  resulting  motion  at  the  surfaces  v0  will  display  large  slips.  This 
type  of  stick-slip  has  been  described  by  Rabinowicz  [350].  It  will  not  be  of  much 
concern  here  since  it  is  essentially  a  noise-type  fluctuation,  resulting  from  surface 
imperfections  rather  than  from  the  intrinsic  interaction  between  two  surfaces. 
Actually,  at  the  atomic  level,  the  regular  atomic-scale  corrugations  of  surfaces 
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can  lead  to  periodic  stick-slip  motion  of  the  type  shown  here.  This  is  what  is 
sometimes  measured  by  AFM  tips  [10,  59,  60,  290,  339,  340]. 


Distance-Dependent  or  Creep  Model 

Another  theory  of  stick-slip,  observed  in  solid-on-solid  sliding,  is  one  that  involves 
a  characteristic  distance,  but  also  a  characteristic  time  ts  this  being  the  characteris- 
tic time  required  for  two  asperities  to  increase  their  adhesion  strength  after  coming 
into  contact.  Originally  proposed  by  Rabinowicz  [350,  352],  this  model  suggests 
that  two  rough  macroscopic  surfaces  adhere  through  their  microscopic  asperities  of 
a  characteristic  length.  During  shearing,  each  surface  must  first  creep  this  distance 
(the  size  of  the  contacting  junctions)  after  which  the  surfaces  continue  to  slide,  but 
with  a  lower  (kinetic)  friction  force  than  the  original  (static)  value.  The  reason  for 
the  decrease  in  the  friction  force  is  that  even  though,  on  average,  new  asperity 
junctions  should  form  as  rapidly  as  the  old  ones  break,  the  time-dependent  adhesion 
and  friction  of  the  new  ones  will  be  lower  than  the  old  ones. 

The  friction  force,  therefore,  remains  high  during  the  creep  stage  of  the  slip. 
However,  once  the  surfaces  have  moved  the  characteristic  distance,  the  friction 
rapidly  drops  to  the  kinetic  value.  For  any  system  where  the  kinetic  friction  is  less 
than  the  static  force  (or  one  that  has  a  negative  slope  over  some  part  of  its  curve  of 
F0  versus  v0)  will  exhibit  regular  stick-slip  sliding  motion  for  certain  values  of  K, 
m,  and  driving  velocity  v. 

This  type  of  friction  has  been  observed  in  a  variety  of  dry  (unlubricated)  systems 
such  as  paper-on-paper  [353, 354]  and  steel-on-steel  [352, 355, 356].  This  model  is  also 
used  extensively  in  geologic  systems  to  analyze  rock-on-rock  sliding  [357, 358].  While 
originally  described  for  adhering  macroscopic  asperity  junctions,  the  distance-depen- 
dent model  may  also  apply  to  molecularly  smooth  surfaces.  For  example,  for  polymer 
lubricant  films,  the  characteristic  length  would  now  be  the  chain-chain  entanglement 
length,  which  could  be  much  larger  in  a  confined  geometry  than  in  the  bulk. 


Velocity-Dependent  Friction  Model 

In  contrast  to  the  two  friction  models  mentioned  above,  which  apply  mainly 
to  unlubricated,  solid-on-solid  contacts,  the  stick-slip  of  surfaces  with  thin 
liquid  films  between  them  is  better  described  by  other  mechanisms.  The  velocity- 
dependent  friction  model  is  the  most  studied  mechanism  of  stick-slip  and,  until 
recently,  was  considered  to  be  the  only  cause  of  intrinsic  stick-slip.  If  a  friction 
force  decreases  with  increasing  sliding  velocity,  as  occurs  with  boundary  films 
exhibiting  shear  thinning,  the  force  (Fs)  needed  to  initiate  motion  will  be  higher 
than  the  force  (Fk)  needed  to  maintain  motion. 

A  decreasing  intrinsic  friction  force  F0  with  sliding  velocity  vn  results  in  the 
sliding  surface  or  stage  moving  in  a  periodic  fashion,  where  during  each  cycle  rapid 
acceleration  is  followed  by  rapid  deceleration.  As  long  as  the  drive  continues  to 
move  at  a  fixed  velocity  v,  the  surfaces  will  continue  to  move  in  a  periodic  fashion 
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punctuated  by  abrupt  stops  and  starts  whose  frequency  and  amplitude  depend  not 
only  on  the  function  F0(v0),  but  also  on  the  stiffness  K  and  mass  m  of  the  moving 
stage,  and  on  the  starting  conditions  at  t  =  0. 

More  precisely,  the  motion  of  the  sliding  surface  or  stage  can  be  determined  by 
solving  the  following  differential  equation: 

nix  =  (Fn  —  F)  =  Fr>  —  (xo  —  x)K     or 

..  \  (13.47) 

mx  +  [xq  —  x)K  —  Fq  =  0, 

where  F 0  —  F0(x0,  v0,  t)  is  the  intrinsic  or  "real"  friction  force  at  the  shearing  surfaces, 
F  is  the  force  on  the  spring  (the  externally  applied  or  measured  force),  and  (F0  —  F)  is 
the  force  on  the  stage.  To  solve  (13.47)  fully,  one  must  also  know  the  initial  (starting) 
conditions  at  t  =  0,  and  the  driving  or  steady-state  conditions  at  finite  t.  Commonly, 
the  driving  condition  is:  x :  =  0  for  t  <  0  and  x  =  vt  for  t  >  0,  where  v  =  constant. 
In  other  systems,  the  appropriate  driving  condition  may  be  F  =  constant. 

Various,  mainly  phenomenological,  forms  for  Fo  —  Fo(xo,  vo,  f)  have  been 
proposed  to  explain  various  kinds  of  stick-slip  phenomena.  These  models  generally 
assume  a  particular  functional  form  for  the  friction  as  a  function  of  velocity  only, 
^o  =  ^o(vo)>  and  they  may  also  contain  a  number  of  mechanically  coupled  ele- 
ments comprising  the  stage  [359,  360].  One  version  is  a  two-state  model  character- 
ized by  two  friction  forces,  Fs  and  F^,  which  is  a  simplified  version  of  the  phase 
transitions  model  described  below.  More  complicated  versions  can  have  a  rich  F—v 
spectrum,  as  proposed  by  Persson  [361].  Unless  the  experimental  data  is  very 
detailed  and  extensive,  these  models  cannot  generally  distinguish  between  different 
types  of  mechanisms.  Neither  do  they  address  the  basic  question  of  the  origin  of  the 
friction  force,  since  this  is  assumed  to  begin  with. 

Experimental  data  has  been  used  to  calculate  the  friction  force  as  a  function  of 
velocity  within  an  individual  stick-slip  cycle  [362].  For  a  macroscopic  granular 
material  confined  between  solid  surfaces,  the  data  shows  a  velocity-weakening 
friction  force  during  the  first  half  of  the  slip.  However,  the  data  also  shows  a 
hysteresis  loop  in  the  friction-velocity  plot,  with  a  different  behavior  in  the 
deceleration  half  of  the  slip  phase.  Similar  results  were  observed  for  a  1-2  nm 
liquid  lubricant  film  between  mica  surfaces  [345].  These  results  indicate  that  a 
purely  velocity-dependent  friction  law  is  insufficient  to  describe  such  systems,  and 
an  additional  element  such  as  the  state  of  the  confined  material  must  be  considered. 


Phase  Transitions  Model 

In  recent  molecular  dynamics  computer  simulations  it  has  been  found  that  thin 
interfacial  films  undergo  first-order  phase  transitions  between  solid-like  and  liquid- 
like states  during  sliding  [255,  364],  as  illustrated  in  Fig.  13.30.  It  has  been 
suggested  that  this  is  responsible  for  the  observed  stick-slip  behavior  of  simple 
isotropic  liquids  between  two  solid  crystalline  surfaces.  With  this  interpretation, 
stick-slip  is  seen  to  arise  because  of  the  abrupt  change  in  the  flow  properties  of  a 
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Fig.  13.30  (a)  "Phase  transitions"  model  of  stick-slip  where  a  thin  liquid  film  alternately  freezes 
and  melts  as  it  shears,  shown  here  for  22  spherical  molecules  confined  between  two  solid 
crystalline  surfaces.  In  contrast  to  the  velocity-dependent  friction  model,  the  intrinsic  friction 
force  is  assumed  to  change  abruptly  (at  the  transitions),  rather  than  smooth  or  continuously.  The 
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film  at  a  transition  [278,  279,  326],  rather  than  the  gradual  or  continuous  change,  as 
occurs  in  the  previous  example.  Other  computer  simulations  indicate  that  it  is  the 
stick-slip  that  induces  a  disorder  ("shear  melting")  in  the  film,  not  the  other  way 
around  [365]. 

An  interpretation  of  the  well-known  phenomenon  of  decreasing  coefficient  of 
friction  with  increasing  sliding  velocity  has  been  proposed  by  Thompson  and 
Robbins  [255]  based  on  their  computer  simulation.  This  postulates  that  it  is  not 
the  friction  that  changes  with  sliding  speed  v,  but  rather  the  time  various  parts  of  the 
system  spend  in  the  sticking  and  sliding  modes.  In  other  words,  at  any  instant  during 
sliding,  the  friction  at  any  local  region  is  always  Fs  or  F^,  corresponding  to  the 
"static"  or  "kinetic"  values.  The  measured  frictional  force,  however,  is  the  sum  of 
all  these  discrete  values  averaged  over  the  whole  contact  area.  Since  as  v  increases 
each  local  region  spends  more  time  in  the  sliding  regime  (Fk)  and  less  in  the 
sticking  regime  (Fs),  the  overall  friction  coefficient  falls.  One  may  note  that  this 
interpretation  reverses  the  traditional  way  that  stick-slip  has  been  explained.  Rather 
than  invoking  a  decreasing  friction  with  velocity  to  explain  stick-slip,  it  is  now  the 
more  fundamental  stick-slip  phenomenon  that  is  producing  the  apparent  decrease 
in  the  friction  force  with  increasing  sliding  velocity.  This  approach  has  been  studied 


Fig.  13.30  (continued)  resulting  stick-slip  is  also  different,  for  example,  the  peaks  are  sharper  and 
the  stick-slip  disappears  above  some  critical  velocity  vc.  Note  that,  while  the  slip  displacement  is 
here  shown  to  be  only  two  lattice  spacings,  in  most  practical  situations  it  is  much  larger,  and  that 
freezing  and  melting  transitions  at  surfaces  or  in  thin  films  may  not  be  the  same  as  freezing  or 
melting  transitions  between  the  bulk  solid  and  liquid  phases,  (b)  Exact  reproduction  of  a  chart- 
recorder  trace  of  the  friction  force  for  hexadecane  between  two  untreated  mica  surfaces  at 
increasing  sliding  velocity  v,  plotted  as  a  function  of  time.  In  general,  with  increasing  sliding 
speed,  the  stick-slip  spikes  increase  in  frequency  and  decrease  in  magnitude.  As  the  critical  sliding 
velocity  vc  is  approached,  the  spikes  become  erratic,  eventually  disappearing  altogether  at  v  =  vc. 
At  higher  sliding  velocities  the  sliding  continues  smoothly  in  the  kinetic  state.  Such  friction  traces 
are  fairly  typical  for  simple  liquid  lubricants  and  dry  boundary  lubricant  systems  (Fig.  13.3  la)  and 
may  be  referred  to  as  the  "conventional"  type  of  static-kinetic  friction  (in  contrast  to  panel  (c)). 
Experimental  conditions:  contact  area  A  =  4  x  10~9m2,  load  L  =  10  mN,  film  thickness 
D  =  0.4  -  0.8 nm,  v  =  0.08  -  0.4|ims-1,vc  «  0.3  urns-1,  atmosphere:  dry  N2  gas,  T  =18  °C 
((a,  b)  after  [363]  with  permission,  ©  1993  American  Chemical  Society),  (c)  Transition  from 
smooth  sliding  to  "inverted"  stick-slip  and  to  a  second  smooth-sliding  regime  with  increasing 
driving  velocity  during  shear  of  two  adsorbed  surfactant  monolayers  in  aqueous  solution  at  a  load 
of  L  =  4.5  mN  and  T  =  20°C.  The  smooth  sliding  (open  circles)  to  inverted  stick-slip  (squares) 
transition  occurs  at  vc  ~  0.3  um/s.  Prior  to  the  transition,  the  kinetic  stress  levels  off  at  after  a 
logarithmic  dependence  on  velocity.  The  quasi-smooth  regime  persists  up  to  the  transition  at  vc.  At 
high  driving  velocities  (filled  circles),  a  new  transition  to  a  smooth  sliding  regime  is  observed 
between  14  and  17  um/s  (after  [342]  with  permission),  (d)  Friction  response  of  a  thin  squalane 
(a  branched  hydrocarbon)  film  at  different  loads  and  a  constant  sliding  velocity  v  =  0.085  pm  s_1 , 
slightly  above  the  critical  velocity  for  this  system  at  low  loads.  Initially,  with  increasing  load,  the 
stick-slip  amplitude  and  the  mean  friction  force  decrease  with  sliding  time  or  sliding  distance. 
However,  at  high  loads  or  pressures,  the  mean  friction  force  increases  with  time,  and  the  stick-slip 
takes  on  a  more  symmetrical,  sinusoidal  shape.  At  all  loads  investigated,  the  stick-slip  component 
gradually  decayed  as  the  friction  proceeded  towards  smooth  sliding  (after  [285]  with  permission, 
©  2003  American  Physical  Society) 
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analytically  by  Carlson  and  Batista  [366],  with  a  comprehensive  rate-  and  state- 
dependent  friction  force  law.  This  model  includes  an  analytic  description  of  the 
freezing-melting  transitions  of  a  film,  resulting  in  a  friction  force  that  is  a  function 
of  sliding  velocity  in  a  natural  way.  This  model  predicts  a  full  range  of  stick-slip 
behavior  observed  experimentally. 

An  example  of  the  rate-  and  state-dependent  model  is  observed  when  shearing 
thin  films  of  OMCTS  between  mica  surfaces  [367,  368].  In  this  case,  the  static 
friction  between  the  surfaces  is  dependent  on  the  time  that  the  surfaces  are  at  rest 
with  respect  to  each  other,  while  the  intrinsic  kinetic  friction  Fk>0  is  relatively 
constant  over  the  range  of  velocities.  At  slow  driving  velocities,  the  system  responds 
with  stick-slip  sliding  with  the  surfaces  reaching  maximum  static  friction  before 
each  slip  event,  and  the  amplitude  of  the  stick-slip,  Fs  —  fk,  is  relatively  constant. 
As  the  driving  velocity  increases,  the  static  friction  decreases  as  the  time  at  relative 
rest  becomes  shorter  with  respect  to  the  characteristic  time  of  the  lubricant  film.  As 
the  static  friction  decreases  with  increasing  drive  velocity,  it  eventually  equals  the 
intrinsic  kinetic  friction  Fk0,  which  defines  the  critical  velocity  vc,  above  which  the 
surfaces  slide  smoothly  without  the  jerky  stick-slip  motion. 

The  above  classifications  of  stick-slip  are  not  exclusive,  and  molecular 
mechanisms  of  real  systems  may  exhibit  aspects  of  different  models  simulta- 
neously. They  do,  however,  provide  a  convenient  classification  of  existing  models 
and  indicate  which  experimental  parameters  should  be  varied  to  test  the  different 
models. 


Critical  Velocity  for  Stick-Slip 

For  any  given  set  of  conditions,  stick-slip  disappears  above  some  critical  sliding 
velocity  vc,  above  which  the  motion  continues  smoothly  in  the  liquidlike  or  kinetic 
state  [265,  285,  342,  345,  363].  The  critical  velocity  is  well  described  by  two  simple 
equations.  Both  are  based  on  the  phase  transition  model,  and  both  include  some 
parameter  associated  with  the  inertia  of  the  measuring  instrument.  The  first  equa- 
tion is  based  on  both  experiments  and  simple  theoretical  modeling  [363] 

vc^(Fl~Fk\  (13.48) 

5  ATo 

where  t0  is  the  characteristic  nucleation  time  or  freezing  time  of  the  film.  For 
example,  inserting  the  following  typically  measured  values  for  a  ~  1  nm 
thick  hexadecane  film  between  mica:  (Fs  —  Ft)  ps  5  mN,  spring  constant 
K  ps  500  N  m_1,  and  nucleation  time  [363]  t0  ps  5  s,  we  obtain  vc  ps  0.4  um  s_1, 
which  is  close  to  typically  measured  values  (Fig.  13.31b). 

The  second  equation  is  based  on  computer  simulations  [364]: 
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a    Solid  surfactant 

Friction  force  F  (mN) 


ifcu*w. 


300 
Time  t  (s) 


b    Liquid  surfactant 

Friction  force  F  (mN) 

1 


v  =  0.005  um/s 


v  =  0.0025  um/s 

v  =  0.001  um/s 


Time  t  (s) 

Fig.  13.31  (a)  Exact  reproduction  of  chart-recorder  trace  for  the  friction  of  closely  packed 
surfactant  monolayers  (L-a-dimirystoyl-phosphatidyl-ethanolamine,  DMPE)  on  mica  (dry  bound- 
ary friction)  showing  qualitatively  similar  behavior  to  that  obtained  with  a  liquid  hexadecane  film 
(Fig.  13.30b).  In  this  case,  L  =  0,  vc  ~  0.1  um  s  ,  atmosphere:  dry  N2  gas,  T  =  25°C. 
(b)  Sliding  typical  of  liquidlike  monolayers,  here  shown  for  calcium  alkylbenzene  sulfonate  in 
dry  N2  gas  at  T  =  25°C  and  L  =  0  (after  [265],  with  permission,  ©  1993  American  Chemical 
Society) 


(13.49) 


where  a  is  a  molecular  dimension  and  m  is  the  mass  of  the  stage.  Again,  inserting 
typical  experimental  values  into  this  equation,  viz.,  m  ps  20  g,  a  ss  0.5  nm,  and 
(Fs  —  Fk)  w  5  mN  as  before,  we  obtain  vc  «  0.3  (J.m  s_1,  which  is  also  close  to 
measured  values. 

Stick-slip  also  disappears  above  some  critical  temperature  Tc,  which  is  not  the 
same  as  the  melting  temperature  of  the  bulk  fluid  [285].  Certain  correlations  have 
been  found  between  vc  and  Tc  and  between  various  other  tribological  parameters  that 
appear  to  be  consistent  with  the  principle  of  time-temperature  superposition  (Sect. 
13.8.3),  similar  to  that  occurring  in  viscoelastic  polymer  fluids  [346,  369,  370]. 

Recent  work  on  the  coupling  between  the  mechanical  resonances  of  the 
sliding  system  and  molecular-scale  relaxations  [295,  338,  341,  371]  has  resulted 
in    a    better    understanding    of    a    phenomenon    previously    noted    in    various 
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engineering  applications:  the  vibration  of  one  of  the  sliding  surfaces  perpendicu- 
larly to  the  sliding  direction  can  lead  to  a  significant  reduction  of  the  friction.  At 
certain  oscillation  amplitudes  and  a  frequency  higher  than  the  molecular-scale 
relaxation  frequency,  stick-slip  friction  can  be  eliminated  and  replaced  by  an 
ultralow  kinetic-friction  state. 


13.9     Effects  of  Nanoscale  Texture  on  Friction 

The  above  scenario  is  already  quite  complicated,  and  yet  this  is  the  situation  for  the 
simplest  type  of  experimental  system.  The  factors  that  appear  to  determine  the 
critical  velocity  vc  depend  on  the  type  of  liquid  between  the  surfaces,  as  well  as  on 
the  surface  lattice  structure. 


13.9.1     Role  of  the  Shape  of  Confined  Molecules 

Small  spherical  molecules  such  as  cyclohexane  and  OMCTS  have  been  found  to 
have  very  high  vc,  which  indicates  that  these  molecules  can  rearrange  relatively 
quickly  in  thin  films.  Chain  molecules  and  especially  branched-chain  molecules 
have  been  found  to  have  much  lower  vc,  which  is  to  be  expected,  and  such  liquids 
tend  to  slide  smoothly  or  with  erratic  stick-slip  [345],  rather  than  in  a  stick- 
slip  fashion  (Table  13.5).  With  highly  asymmetric  molecules,  such  as  multiply 
branched  isoparaffins  and  polymer  melts,  no  regular  spikes  or  stick-slip  behavior 
occurs  at  any  speed,  since  these  molecules  can  never  order  themselves  sufficiently 
to  solidify.  Examples  of  such  liquids  are  some  perfluoropolyethers  and  polydi- 
methylsiloxanes  (PDMS). 

Recent  computer  simulations  [144,  151,  287,  315,  372]  of  the  structure,  interac- 
tion forces,  and  tribological  behavior  of  chain  molecules  between  two  shearing 
surfaces  indicate  that  both  linear  and  singly  or  doubly  branched-chain  molecules 
order  between  two  flat  surfaces  by  aligning  into  discrete  layers  parallel  to  the 
surfaces.  However,  in  the  case  of  the  weakly  branched  molecules,  the  expected 
oscillatory  forces  do  not  appear  because  of  a  complex  cancelation  of  entropic  and 
enthalpic  contributions  to  the  interaction  free  energy,  which  results  in  a  monotoni- 
cally  smooth  interaction,  exhibiting  a  weak  energy  minimum  rather  than  the 
oscillatory  force  profile  that  is  characteristic  of  linear  molecules.  During  sliding, 
however,  these  molecules  can  be  induced  to  further  align,  which  can  result  in  a 
transition  from  smooth  to  stick-slip  sliding. 

Table  13.5  shows  the  trends  observed  with  some  organic  and  polymeric  liquids 
between  smooth  mica  surfaces.  Also  listed  are  the  bulk  viscosities  of  the  liquids. 
From  the  data  of  Table  13.5  it  appears  that  there  is  a  direct  correlation  between  the 
shapes  of  molecules  and  their  coefficient  of  friction  or  effectiveness  as  lubricants 
(at  least  at  low  shear  rates).  Small  spherical  or  chain  molecules  have  high  friction 
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with  stick-slip,  because  they  can  pack  into  ordered  solidlike  layers.  In  contrast, 
longer  chained  and  irregularly  shaped  molecules  remain  in  an  entangled,  disor- 
dered, fluidlike  state  even  in  very  thin  films,  and  these  give  low  friction  and 
smoother  sliding.  It  is  probably  for  this  reason  that  irregularly  shaped  branched 
chain  molecules  are  usually  better  lubricants.  It  is  interesting  to  note  that  the  friction 
coefficient  generally  decreases  as  the  bulk  viscosity  of  the  liquids  increases.  This 
unexpected  trend  occurs  because  the  factors  that  are  conducive  to  low  friction  are 
generally  conducive  to  high  viscosity.  Thus  molecules  with  side  groups  such  as 
branched  alkanes  and  polymer  melts  usually  have  higher  bulk  viscosities  than  their 
linear  homologues  for  obvious  reasons.  However,  in  thin  films  the  linear  molecules 
have  higher  shear  stresses,  because  of  their  ability  to  become  ordered.  The  only 
exception  to  the  above  correlations  is  water,  which  has  been  found  to  exhibit  both 
low  viscosity  and  low  friction  (Fig.  13.20a,  and  Sect.  13.7.3).  In  addition,  the 
presence  of  water  can  drastically  lower  the  friction  and  eliminate  the  stick-slip  of 
hydrocarbon  liquids  when  the  sliding  surfaces  are  hydrophilic. 

If  an  "effective"  viscosity,  77eff,  were  to  be  calculated  for  the  liquids  of  Table 
13.5,  the  values  would  be  many  orders  of  magnitude  higher  than  those  of  the  bulk 
liquids.  This  can  be  demonstrated  by  the  following  simple  calculation  based  on  the 
usual  equation  for  Couette  flow  (13.44): 

riot  =  FkD/Av,  (13.50) 

where  Fk  is  the  kinetic  friction  force,  D  is  the  film  thickness,  A  the  contact  area, 
and  v  the  sliding  velocity.  Using  typical  values  for  experiments  with  hexade- 
cane  [363]:  F  k  =  5  mN,  D  —  1  nm,  A  =  3x  10~9  m2  and  v  =  1  urn  s  ,  one  gets 
r)eB  «  2000  N  s  m~2,  or  20000  P,  which  is  «106  times  higher  than  the  bulk  viscos- 
ity, ?7buik,  of  the  liquid.  It  is  instructive  to  consider  that  this  very  high  effective 
viscosity  nevertheless  still  produces  a  low  friction  force  or  friction  coefficient  /i  of 
about  0.25.  It  is  interesting  to  speculate  that,  if  a  1  nm  film  were  to  exhibit  bulk 
viscous  behavior,  the  friction  coefficient  under  the  same  sliding  conditions  would 
be  as  low  as  0.000001.  While  such  a  low  value  has  never  been  reported  for  any 
tribological  system,  one  may  consider  it  a  theoretical  lower  limit  that  could 
conceivably  be  attained  under  certain  experimental  conditions. 


13.9.2    Effects  of  Surface  Structure 

Various  studies  [45,  273-275,  284-286]  have  shown  that  confinement  and  load 
generally  increase  the  effective  viscosity  and/or  relaxation  times  of  molecules, 
suggestive  of  an  increased  glassiness  or  solidlike  behavior  (Figs.  13.32  and 
13.33).  This  is  in  marked  contrast  to  studies  of  liquids  in  small  confining  capillaries 
where  the  opposite  effects  have  been  observed  [373,  374].  The  reason  for  this  is 
probably  because  the  two  modes  of  confinement  are  different.  In  the  former  case 
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Fig.  13.32  Schematic  view  of  interfacial  film  composed  of  spherical  molecules  under  a  compres- 
sive pressure  between  two  solid  crystalline  surfaces,  (a)  If  the  two  surface  lattices  are  free  to  move 
in  the  x-y-z  directions,  so  as  to  attain  the  lowest  energy  state,  they  could  equilibrate  at  values  of 
x,  y,  and  z,  which  induce  the  trapped  molecules  to  become  "epitaxially"  ordered  into  a  "solidlike" 
film,  (b)  Similar  view  of  trapped  molecules  between  two  solid  surfaces  that  are  not  free  to  adjust 
their  positions,  for  example,  as  occurs  in  capillary  pores  or  in  brittle  cracks,  (c)  Similar  to  (a),  but 
with  chain  molecules  replacing  the  spherical  molecules  in  the  gap.  These  may  not  be  able  to  order 
as  easily  as  do  spherical  molecules  even  if  x,  y,  and  z  can  adjust,  resulting  in  a  situation  that  is  more 
akin  to  (b)  (after  [363]  with  permission,  ©  1993  American  Chemical  Society) 


(confinement  of  molecules  between  two  structured  solid  surfaces),  there  is  gener- 
ally little  opposition  to  any  lateral  or  vertical  displacement  of  the  two  surface 
lattices  relative  to  each  other.  This  means  that  the  two  lattices  can  shift  in  the 
x-y-z  planes  (Fig.  13.32a)  to  accommodate  the  trapped  molecules  in  the  most 
crystallographically  commensurate  or  epitaxial  way,  which  would  favor  an  ordered, 
solidlike  state.  In  contrast,  the  walls  of  capillaries  are  rigid  and  cannot  easily  move 
or  adjust  to  accommodate  the  confined  molecules  (Fig.  13.32b),  which  will  there- 
fore be  forced  into  a  more  disordered,  liquidlike  state  (unless  the  capillary  wall 
geometry  and  lattice  are  exactly  commensurate  with  the  liquid  molecules,  as  occurs 
in  certain  zeolites  [374]). 

Experiments  have  demonstrated  the  effects  of  surface  lattice  mismatch  on  the 
friction  between  surfaces  [257,  258,  375].  Similar  to  the  effects  of  lattice  mismatch 
on  adhesion  (Fig.  13.11),  the  static  friction  of  a  confined  liquid  film  is  maximum 
when  the  lattices  of  the  confining  surfaces  are  aligned.  For  OMCTS  confined 
between  mica  surfaces  [258]  the  static  friction  was  found  to  vary  by  more  than  a 
factor  of  4,  while  for  bare  mica  surfaces  the  variation  was  by  a  factor  of  3.5  [375].  In 
contrast  to  the  sharp  variations  in  adhesion  energy  over  small  twist  angles,  the 
variations  in  friction  as  a  function  of  twist  angle  were  much  broader  both  in 
magnitude  and  angular  spread.  Similar  variations  in  friction  as  a  function  of  twist 
or  misfit  angles  have  also  been  observed  in  computer  simulations  [376]. 

Robbins  and  coworkers  [315]  computed  the  friction  forces  of  two  clean  crystal- 
line surfaces  as  a  function  of  the  angle  between  their  surface  lattices.  They  found 
that,  for  all  nonzero  angles  (finite  "twist"  angles),  the  friction  forces  fell  to  zero 
due  to  incommensurability  effects.  They  further  found  that  submonolayer  amounts 
of  organic  or  other  impurities  trapped  between  two  incommensurate  surfaces 
can  generate  a  finite  friction  force.  They  therefore  concluded  that  any  finite 
friction  force  measured  between  incommensurate  surfaces  is  probably  due  to  such 
"third-body"  effects. 
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Fig.  13.33  Schematic  representation  of  the  film  under  shear,  (a)  The  lubricant  molecules  are  just 
confined,  but  not  oriented  in  any  particular  direction.  Because  of  the  need  to  shear,  the  film  dilates 
(b).  The  molecules  disentangle  (c)  and  get  oriented  in  a  certain  direction  related  to  the  shear 
direction  (d).  (e)  Slowly  evolving  domains  grow  inside  the  contact  region.  These  macroscopic 
domains  are  responsible  for  the  long  relaxation  times,  (f)  At  the  steady-state,  a  continuous  gradient 
of  confinement  time  and  molecular  order  is  established  in  the  contact  region,  which  is  different  for 
molecules  adsorbed  on  the  upper  and  lower  surfaces.  Molecules  entering  into  the  contact  are  not 
oriented  or  ordered.  The  required  sliding  distance  to  modify  their  state  defines  a  characteristic 
distance.  Molecules  leaving  the  contact  region  need  some  (short)  characteristic  time  to  regain 
their  bulk,  unconfined  configuration  (after  [344],  with  permission,  ©  2000  American  Chemical 
Society) 

The  reason  why  surface  texture  (lattice  structure,  roughness,  granularity,  topogra- 
phy, etc.)  has  a  larger  effect  on  the  lateral  (shear  or  friction)  forces  between  two 
surfaces  than  on  their  normal  (adhesion)  forces  is  because  friction  is  proportional  to 
the  adhesion  hysteresis  (Sect.  13.7.2),  which  can  be  low  even  when  the  adhesion  force 
is  high.  It  is  also  important  to  recognize  that  a  system  might  be  defined  by  more  than 
one  length  scale.  Some  systems  have  well-defined  dimensions  or  size  (e.g.,  a  perfect 
lattice,  monodisperse  nanoparticles),  while  others  have  different  lateral  and  vertical 
dimensions  and  macroscopic  curvature  [248].  Furthermore,  the  morphology  or  texture 
of  many  systems,  such  as  asperities  that  are  randomly  distributed  over  a  surface, 
affects  adhesion  and  tribological  properties  [243,  248,  287,  317,  377-379]. 
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With  rough  surfaces,  i.e.,  those  that  have  random  protrusions  rather  than  being 
periodically  structured,  we  expect  a  smearing  out  of  the  correlated  intermolecular 
interactions  that  are  involved  in  film  freezing  and  melting  (and  in  phase  transitions 
in  general).  This  should  effectively  eliminate  the  highly  regular  stick-slip  and  may 
also  affect  the  location  of  the  slipping  planes  [151,  287,  314,  348].  The  stick-slip 
friction  of  "real"  surfaces,  which  are  generally  rough,  may,  therefore,  be  quite 
different  from  those  of  perfectly  smooth  surfaces  composed  of  the  same  material. 
We  should  note,  however,  that  even  between  rough  surfaces,  most  of  the  contacts 
occur  between  the  tips  of  microscopic  asperities,  which  may  be  smooth  over  their 
microscopic  contact  area  [380]. 
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Chapter  14 

Interfacial  Forces  and  Spectroscopic 

Study  of  Confined  Fluids 

Y.  Elaine  Zhu,  Ashis  Mukhopadhyay,  and  Steve  Granick 


Abstract  In  this  chapter  we  discuss  three  specific  issues  which  are  relevant  for 
liquids  in  intimate  contact  with  solid  surfaces.  (1)  Studies  of  the  hydrodynamic  flow 
of  simple  and  complex  fluids  within  ultra-narrow  channels  show  the  effects  of  flow 
rate,  surface  roughness  and  fluid-surface  interaction  on  the  determination  of  the 
boundary  condition.  We  draw  attention  to  the  importance  of  the  microscopic 
particulars  to  the  discovery  of  what  boundary  condition  is  appropriate  for  solving 
continuum  equations  and  the  potential  to  capitalize  on  slip  at  the  wall  for  purposes 
of  materials  engineering.  (2)  We  address  the  long-standing  question  of  the  structure 
of  aqueous  films  near  a  hydrophobic  surface.  When  water  was  confined  between 
adjoining  hydrophobic  and  hydrophilic  surfaces  (a  Janus  interface),  giant  fluctua- 
tions in  shear  responses  were  observed,  which  implies  some  kind  of  flickering, 
fluctuating  complex  at  the  water-hydrophobic  interface.  (3)  Finally  we  discuss 
recent  experiments  that  augment  friction  studies  by  measurement  of  diffusion, 
using  fluorescence  correlation  spectroscopy  (FCS).  Here  spatially  resolved  mea- 
surements showed  that  translation  diffusion  slows  exponentially  with  increasing 
mechanical  pressure  from  the  edges  of  a  Hertzian  contact  toward  the  center, 
accompanied  by  increasingly  heterogeneous  dynamical  responses.  This  dynamical 
probe  of  how  liquids  order  in  molecularly  thin  films  fails  to  support  the  hypothesis 
that  shear  produces  a  melting  transition. 


14.1     Introduction 

Confinement  of  fluids,  ranging  from  water,  hydrocarbon  oil,  polymer  melts  and 
solutions,  to  DNA,  protein  and  other  bio-macromolecules,  can  strongly  affect  the 
structures  and  dynamics  of  the  fluid  molecules,  particularly  when  the  thickness  of 
fluid  films  becomes  comparable  to  the  length  scale  of  the  molecular  dimension. 
Phase  transitions,  such  as  solidification  or  glass  transition,  can  be  induced,  and 
confinement  can  not  only  result  in  structural  changes  in  terms  of  molecular 
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orientation  and  packing,  but  changes  of  dynamical  processes,  such  as  molecular 
translational  as  well  as  rotational  diffusion.  These  questions  about  confined  fluid 
structure  and  dynamics  involve  deep  scientific  puzzles.  On  the  applied  side,  they 
also  pertain  directly  to  the  understanding  of  many  fundamental  issues  in  nature  and 
technology,  including  various  applications  in  adhesion,  colloidal  stabilization, 
lubrication,  micro/nanofluidics,  and  micro/nano-electromechanical  systems 
(MEMS/NEMS)  devices,  among  others. 

The  techniques  that  have  been  used  to  study  confined  fluids  are  mainly  surface 
forces  apparatus  (SFA)  [1^4]  and  recently  atomic  force  microscopy  (AFM)  and 
its  derivatives  [5,  6].  SFA,  which  was  originally  designed  to  directly  measure  the 
van  der  Waals  and  Derjaguin-Landau-Verwey-Overbeek  (DLVO)  forces  in  simple 
liquids  and  in  colloidal  systems,  was  later  modified  by  several  groups  to  study  the 
frictional  forces  of  molecularly  thin  films  confined  between  rigid  surfaces  [2-A]. 
AFM  is  an  alternative  method  to  study  surface  force,  friction,  adhesion  and 
lubrication  of  thin  film.  With  these  two  techniques  many  new  phenomena  about 
confined  fluids,  such  as  layering  structure,  solidification,  stick-slip  motion,  etc. 
have  been  experimentally  observed  and  interpreted. 

The  previous  Chap.  9  reviewed  the  advances  in  the  studies  of  surface  forces, 
adhesion  and  shear  interaction  of  confined  liquids.  In  this  chapter,  we  review  recent 
studies  on  some  specific  interfacial  forces  of  thin  liquid  films  by  using  modified 
SFA  devices  and  the  results  from  an  integrated  experimental  platform,  which 
enables  direct  fluorescence-based  observation  of  the  dynamics  of  individual  mole- 
cules under  confinement. 

This  chapter  is  organized  as  follows.  This  introductory  section  is  followed  by  a 
discussion  of  the  validity  of  the  no-slip  boundary  for  fluid  molecules  moving  past  a 
solid  surface,  determined  by  measuring  the  hydrodynamic  force  in  flow  geometry.  A 
specific  interfacial  force  -  the  long-range  hydrophobic  interaction  -  and  its  related 
hydrophobic  effect  on  the  behavior  of  water  molecules  near  a  hydrophobic  interface 
are  discussed  in  Sect.  14.3.  In  Sects.  14.4-14.6,  recent  developments  in  combining 
ultrafast  spectroscopy  with  the  SFA  to  investigate  the  dynamic  behavior  of  individ- 
ual confined  molecules,  instead  of  their  ensemble-averaged  behavior,  are  reviewed. 


14.2     Hydrodynamic  Force  of  Fluids  Flowing  in  Micro- 

to  Nanofluidics:  A  Question  About  No-Slip  Boundary 
Condition 

Viscous  flow  is  familiar  and  useful,  yet  the  underlying  physics  is  surprisingly  subtle 
and  complex.  A  tenet  of  textbook  continuum  fluid  dynamics  is  the  no-slip  boundary 
condition,  which  means  that  fluid  molecules  immediately  adjacent  to  the  surface  of 
a  solid  move  with  exactly  the  same  velocity  as  that  solid.  It  stands  at  the  bedrock 
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of  our  understanding  of  the  flow  of  simple  low-viscosity  fluids  and  comprises  a 
springboard  for  much  sophisticated  calculation.  While  it  is  true  that  at  some  level  of 
detail  this  continuum  description  must  fail  and  demand  description  at  the  molecular 
level,  it  is  tremendously  successful  as  the  basis  for  continuum-based  calculations. 
This  section  is  adapted  from  discussions  in  some  previous  primary  accounts  [7-9]. 
As  expressed  in  a  prominent  fluid  dynamics  textbook  [10]: 

In  other  words  there  is  no  relative  motion  between  the  fluid  and  the  solid.  This  fact  may 
seem  surprising  but  it  is  undoubtedly  true.  No  matter  how  smooth  the  solid  surface  or  how 
small  the  viscosity  of  the  fluid,  the  particles  immediately  adjacent  to  the  surface  do  not 
move  relative  to  it.  It  is  perhaps  not  without  interest  that  Newton's  term  for  viscosity  was 
'defectus  lubricitatis'  -  'lack  of  slipperiness'.  Even  for  a  fluid  that  does  not  'wet'  the 
surface  this  rule  is  not  violated. 

Feynman  noted  in  his  lectures  that  the  no-slip  boundary  condition  explains  why 
large  particles  are  easy  to  remove  by  blowing  past  a  surface,  but  small  particles  are  not. 

However,  for  many  years  it  was  observed  that  the  no-slip  boundary  condition 
is  not  intuitively  obviously  and  has  been  controversial  for  centuries.  A  pantheon 
of  great  scientists  -  among  them,  Bernoulli,  Coulomb,  Navier,  Poisson,  Stokes, 
Taylor,  Debye,  de  Gennes  -  has  worried  about  it.  The  compelling  rational  argu- 
ments -  for  and  against  -  were  divided  by  the  pragmatic  observation  that  predic- 
tions agree  with  experiments.  The  possibility  of  slip  was  discussed  until  recently,  in 
mainstream  literature,  only  in  the  context  of  the  flow  of  polymer  melts  [11,  12], 
though  over  the  years  persistent  doubts  were  expressed  [13].  No-slip  contrasts 
with  slip  characteristic  of  highly  viscous  polymers  [11,  12],  monolayers  of  gas 
condensed  on  vibrated  solids  [14],  superfluid  helium  [15],  moving  contact  lines  of 
liquid  droplets  on  solids  [16],  and  kinetic  friction  of  liquid  films  less  than  5-10 
molecular  dimensions  thick  [17,  18].  However,  experimental  capability  and  techni- 
cal needs  have  changed  -  especially  so  with  the  emerging  interest  in  microfluidics 
and  microelectromechanical  system  (MEMS)-based  devices. 

The  situation  has  changed  but  the  enormous  and  enduring  success  of  the  no-slip 
assumption  for  modeling  must  be  emphasized.  It  works  beautifully  provided  that 
certain  assumptions  are  met:  a  single-component  fluid,  a  wetted  surface,  and  low 
levels  of  shear  stress.  Then  careful  experiments  imply  that  the  fluid  comes  to  rest 
within  1-2  molecular  diameters  of  the  surface  [19-21].  But  the  necessary  assump- 
tions are  more  restrictive,  and  their  applicability  is  more  susceptible  to  intentional 
control  than  is  widely  appreciated.  Generally,  one  may  argue  from  the  fact  that  fluid 
molecules  are  ("obviously")  stuck  to  walls  by  intermolecular  forces.  The  traditional 
explanation  is  that,  since  most  surfaces  are  rough,  the  viscous  dissipation  as  fluid 
flows  past  surface  irregularities  brings  it  to  rest,  regardless  of  how  weakly  or 
strongly  molecules  are  attracted  to  the  surface  [7,  8,  22-24].  This  has  been 
challenged  by  accumulating  evidence  that,  if  molecularly  smooth  surfaces  are  wet 
only  partially,  hydrodynamic  models  work  better  when  one  uses  instead  partial  slip 
boundary  conditions  [13,  21,  25-30].  Then  the  main  issue  would  be  whether  the 
fluid  molecules  attract  the  surface  or  the  fluid  more  strongly  [9,  13,  27-34], 
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14.2.1     How  to  Quantify  the  Amount  of  Slip 

To  know  what  boundary  condition  is  appropriate  in  solving  continuum  equations 
requires  inquiry  into  microscopic  particulars.  Attention  is  drawn  to  unresolved 
topics  of  investigation  and  to  the  potential  to  purposively  capitalize  on  slip  at  the 
wall  for  purposes  of  materials  engineering. 

The  formal  idea  of  a  slip  length  is  common.  Slip  signifies  that,  in  the  continuum 
model  of  flow,  the  fluid  velocity  at  the  surface  is  finite  (the  slip  velocity,  ds)  and 
increases  linearly  with  distance  normal  to  it.  The  slip  velocity  is  assumed  to  be 
proportional  to  the  shear  stress  at  the  surface,  <rs  in  the  relation: 

iph  =  bo*,  (14.1) 

where  r\  is  the  viscosity  and  b,  the  slip  length,  is  the  notional  distance  inside  the 
surface  at  which  the  velocity  equals  zero,  if  the  velocity  profile  is  extrapolated  inside 
the  surface  until  it  reaches  zero.  In  much  of  the  literature  the  slip  length  has  been 
assumed  to  be  a  constant  that  characterizes  the  material  response  of  a  given  fluid- 
surface  pair,  but  evidence  of  additional  dependence  on  velocity  is  discussed  below. 
It  is  unreasonable  to  expect  this  continuum  description  to  yield  microscopic 
information.  One  example  of  this  was  already  given  -  the  appearance  of  no-slip 
conditions  when  the  microscopic  reason  is  that  flow  irregularities  pin  the  fluid  to  the 
wall  [7,  8,  22-24].  Another  example  is  apparent  slip  when  a  low-viscosity  compo- 
nent in  the  fluid  facilitates  flow  because  it  segregates  near  the  surface  [35,  36]. 
When  conventional  continuum  mechanics  contends  with  situations  that  are  more 
complex  than  the  model  allows,  one  should  resist  the  temptation  to  interpret 
literally  the  parameters  in  which  the  continuum  mechanics  model  is  couched. 
These  examples  emphasize  instances  where  the  notions  of  stick  and  slip  are  numeri- 
cal conveniences  not  to  be  interpreted  literally  in  terms  of  molecular  mechanism. 
The  appearance  of  slip  owing  to  surface  segregation  of  a  low-viscosity  component  is 
illustrated  in  Fig.  14.1. 


14.2.2     The  Mechanisms  that  Control  Slip 
in  Low-Viscosity  Fluids 

Partial  slip  of  so-called  Newtonian  fluids  such  as  alkanes  and  water  is  predicted 
by  an  increasing  number  of  computer  simulations  [25-27,  37-39]  and,  in  the 
laboratory  when  forces  are  measured,  systematic  deviations  from  the  predictions 
based  on  stick  are  found  [7-9,  28-34,  40,  41].  Some  sense  of  urgency  comes  from 
potential  practical  applications.  Typical  magnitudes  of  the  slip  length  reported  in 
the  literature  are  submicron,  so  small  that  the  practical  consequences  of  slip  would 
be  minimal  for  flow  in  channels  whose  size  is  macroscopic.  But  if  the  channel  size 
is  very  small,  there  are  potential  ramifications  for  microfluidics. 
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"True"  slip  "  Apparent"  slip 


Fig.  14.1  Schematic  illustration  of  the  distinction  between  true  slip  (left)  and  apparent  slip  (right)  in 
oscillatory  flow,  although  for  both  cases  the  velocity  of  the  moving  fluid  extrapolates  to  zero  at  a 
notional  distance  inside  the  wall  and  is  finite  where  it  crosses  the  wall.  For  true  slip,  this  is  literally  so. 
It  may  also  happen  that  a  low-viscosity  component  in  the  fluid  facilitates  flow  because  it  segregates 
near  the  surface.  The  velocity  gradient  is  then  larger  nearest  the  surface  because  the  viscosity  is 
smaller.  When  specific  real  systems  are  investigated,  structural  and  chemical  materials  analysis  at  the 
microscopic  scale  are  needed  to  distinguish  between  these  possibilities.  After  [7]  with  permission 

The  simulations  must  be  believed  because  they  are  buttressed  by  direct  measure- 
ments. In  the  past,  all  laboratory  reports  of  slip  were  based  on  comparing  mechani- 
cal measurements  of  force  to  fluid  mechanics  models  and  hence  were  indirect 
inferences.  Recently,  optical  methods  were  introduced  to  measure  fluid  velocity 
directly.  For  example,  Leger  and  coworkers  photobleached  tracer  fluorescent  dyes 
and  from  the  time  rate  of  fluorescence  recovery,  measured  in  attenuated  total 
reflection  in  order  to  focus  on  the  region  within  an  optical  wavelength  of  the 
surface,  the  velocity  of  flow  near  the  surface  was  inferred  [28].  They  reported  slip 
of  hexadecane  near  an  oleophobic  surface  provided  that  it  was  smooth,  but  not 
when  it  was  rough.  Tretheway  and  Meinhart  used  laser  particle  image  velocimetry 
of  tracer  latex  particles  to  infer  the  velocity  of  water  flow  in  microchannels  [34], 
They  reported  slip  when  the  surface  was  hydrophobic  but  stick  when  it  was 
hydrophilic.  Callahan  and  coworkers  demonstrated  the  feasibility  of  using  nuclear 
magnetic  resonance  (NMR)  velocity  imaging,  though  this  method  has  been  used  to 
date  only  for  multicomponent  fluids  [42]. 

An  important  hint  about  the  mechanism  comes  from  the  repeated  observation 
that  the  amount  of  slip  depends  on  the  flow  rate,  in  measurements  using  not  only  the 
surface  forces  apparatus  (SFA)  [8,  9,  31,  32]  but  also  atomic  force  microscopy 
(AFM)  [29, 41].  The  main  idea  of  all  of  these  experiments  is  that  two  solids  of  mean 
radius  of  curvature  R,  at  spacing  D,  experience  a  hydrodynamic  force,  Fu  as  they 
approach  one  another  (or  retreat  from  one  another)  in  a  liquid  medium,  thereby 
squeezing  fluid  out  of  (or  into)  the  intervening  gap.  This  force  Fu  is  proportional  to 
the  rate  at  which  the  spacing  changes,  dD/dt  (where  t  denotes  time),  is  proportional 
to  the  viscosity,  r\  (assumed  to  be  constant),  and  is  inversely  proportional  to  D.  The 
no-slip  boundary  condition  combined  with  the  Navier-Stokes  equations  gives  to 
first  order  the  following  expression,  known  as  the  Reynolds  equation: 

6tlR2ti  dD 

Fn=f ' —  .  (14.2) 

H     J     D      dt  y       ' 
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Higher-order  solutions  of  the  Navier-Stokes  equations  confirm  that  the  lowest- 
order  term  is  enough.  The  deviation  of  the  dimensionless  number  /*  from  unity 
quantifies  the  deviation  from  the  classical  no-slip  prediction.  The  classical  predic- 
tion is  analogous  when  the  surface  spacing  is  vibrated.  In  that  case  a  sinusoidal 
oscillatory  drive  generates  an  oscillatory  hydrodynamic  force  whose  peak  we 
denote  as  FH,peak-  The  peak  velocity  of  vibration  is  Dpe.d^  =  d  ■  to,  where  d  is  the 
vibration  amplitude  and  co  the  angular  frequency  of  vibration.  Studies  show  that, 
when  the  frequency  and  amplitude  of  oscillatory  flow  are  varied,  results  depend  on 
their  product,  Dpeak  and  the  deviations  from  (14.2)  depend  on  vpesik/D.  This  ratio,  the 
flow  rate,  is  the  ratio  suggested  by  the  form  of  (14.2). 

Without  necessarily  assigning  physical  meaning  to  this  quantity,  it  can  be  used 
as  an  alternative  expression  of  the  same  data.  Mathematical  manipulation  [43] 
shows  that/*  and  the  slip  length,  b  are  related  as: 


1  6b 


—    In    H 

6b)     \        D 


(14.3) 


14.2.3    Experimental 

The  slippery  question  was  studied  experimentally  by  testing  the  limits  of  ideas 
about  interfacial  force  and  surface  roughness.  Figure  14.2  sketches  the  experimental 
strategy  and  shows  AFM  (atomic  force  microscopy)  images  of  some  of  the  surfaces 
studied.  Three  strategies  were  used  to  vary  surface  roughness  systematically.  The  first 
was  based  on  using  collapsed  polymers.  Narrow-distribution  samples  of  diblock 
copolymers  of  polystyrene  (Mw  =  55,400)  and  polyvinylpyridine  (Mw  =  28,200), 
PS/PVP,  were  allowed  to  adsorb  for  a  limited  time  from  dilute  (5  x  10~  ug/ml) 
toluene  solution  onto  freshly  cleaved  muscovite  mica.  They  appeared  to  aggregate 
during  the  drying  process.  The  remaining  bare  regions  of  mica  were  then  coated  with 
an  organic  monolayer  of  condensed  octadecyltriethoxysilane  (OTE)  [44] .  The  contact 
angles  against  water  and  tetradecane  were  stable  in  time,  which  shows  that  the 
liquids  did  not  penetrate  them.  AFM  images  in  Fig.  14.2  quantify  the  roughness.  To 
produce  larger  roughness  values,  mica  was  coated  with  condensed  octadecyltri- 
chlorosilane  (OTS)  after  first  saturating  the  cyclohexane  deposition  solution  with 
H20  to  encourage  partial  polymerization  in  solution  before  surface  attachment.  In 
the  third  method,  self-assembled  monolayers  of  alkane  thiols  were  formed  on  silver 
whose  roughness  was  controlled  by  a  direct-current  (DC)  bias  applied  during 
sputter  deposition.  The  silver  was  coated  with  octadecanethiol  deposited  from 
ethanol  solution  and  placed  in  opposition  with  a  molecularly  smooth  OTE  surface. 
According  to  (14.2),  the  stick  prediction  ( /*  =  1)  corresponds  to  a  horizontal  line 
and  one  observes  in  Fig.  14.3  that  deviations  from  this  prediction  decreased  system- 
atically as  the  surface  roughness  increased.  In  addition,  deviations  from  the 
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Scheme: 


Fig.  14.2  (a-c)  The  scheme  of  flow  over  a  rough  surface  is  shown  schematically  in  the  top 
portion.  In  the  bottom  panel,  AFM  images  are  shown  of  the  following  case:  (a)  self-assembled 
OTS  layers;  (b)  PS/PVP-OTE  layers  (surface  coverage  ss  80%);  (c)  PS/PVP-OTE  layers  (surface 
coverage  sa  20%).  Each  AFM  image  concerns  an  area  3  um  x  3  um.  After  [8]  with  permission 


predictions  of  the  no-slip  boundary  condition  are  alternatively  often  represented  as 
the  slip  length  discussed  above,  the  fictitious  distance  inside  the  solid  at  which  the 
no-slip  flow  boundary  condition  would  hold;  the  equivalent  representation  of  this 
data  in  terms  of  the  slip  length  is  included  in  Fig.  14.3.  While  it  was  known 
previously  that  a  very  large  amount  of  roughness  is  sufficient  to  generate  no-slip 
[22-24],  an  experimental  study  in  which  roughness  was  varied  systematically  [7,  8] 
succeeded  in  quantifying  how  much  actual  roughness  was  needed  in  an  actual 
system.  The  critical  level  of  6  nm  considerably  exceeded  the  size  of  the  fluid 
molecules.  As  methods  are  known  to  achieve  greater  smoothness  in  MEMS  devices, 
and  potentially  in  microfluidic  devices,  this  offers  the  promise  of  practical  applica- 
tions. 

Observation  of  rate-dependent  slip  suggests  that  fluid  is  pinned  up  to  some 
critical  shear  stress,  beyond  which  it  slips.  However,  some  laboratories  report  slip 
regardless  of  flow  rate  [27,  29,  32-39].  Perhaps,  the  essential  difference  is  that  the 
magnitude  of  shear  stress  is  larger  in  the  latter  experiments  [45].  But  in  cases  where 
slip  is  rate  dependent,  this  affords  a  potential  strategy  by  which  to  effect  purposeful 
mixing  in  a  microfluidic  device.  The  idea  would  be  simply  to  make  some  patches  on 
the  surface  hydrophobic  and  other  patches  hydrophilic,  so  that  when  flow  was  slow 
enough  it  would  be  smooth,  but  when  it  was  fast  enough,  mixing  would  result  from 
jerkiness  at  the  hydrophobic  patches. 

While  it  is  true  that  slip  at  smooth  surfaces  is  predicted  based  on  computer 
simulations  [25-27,  37-39],  the  shear  rate  of  molecular  dynamics  (MD)  simula- 
tions so  much  exceeds  shear  rate  in  those  laboratory  experiments  that  the  direct 
connection  to  experiment  is  not  evident.  To  quantify  the  influence  of  surface 
roughness,  Fig.  14.4  considers  the  limit  up  to  which  predictions  based  on  the 
classical  no-slip  boundary  condition  still  described  the  data  in  Fig.  14.3.  Since  the 
no-slip  boundary  condition  still  held,  it  was  valid  [7-9]  to  calculate  the  shear  rate 
and  shear  stress  by  known  equations. 
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Fig.  14.3  /*  as  a  function  of  logarithmic  flow  rate  Vpeak/D  (top  panel)  where/*  is  denned  in 
(14.2),  and  the  equivalent  slip  length  (bottom  panel),  for  deionized  water  (filled  symbols)  and 
tetradecane  (open  symbols)  between  surfaces  of  different  levels  of  rms  surface  roughness,  specifi- 
cally: 6  nm  (case  a;  squares),  3.5  nm  (case  b;  circles),  2  nm  (case  c;  down  triangles),  1.2  nm  (case 
f;  hexagons),  0.6  nm  (case  e,  upper  triangles)  and  molecularly-smooth  (case  d;  diamonds).  The 
data,  taken  at  different  amplitudes  in  the  range  of  0.3-1.5  nm  and  frequencies  in  the  range 
6.3-250  rad/s,  are  mostly  not  distinguished  in  order  to  avoid  clutter.  To  illustrate  the  similarly 
successful  collapse  at  these  rough  surfaces,  data  taken  at  the  two  frequencies  6.3  rad/s  (cross  filled 
symbols)  and  31  rad/s  (semi-filled  symbols)  for  water  are  included  explicitly.  After  [8]  with 
permission 


The  data  show  that  deviations  from  the  no-slip  prediction  began  at  very  low 
levels  of  hydrodynamic  stress  -  on  the  order  of  only  1-10  Pa.  Beyond  this  point,  in 
some  sense  the  moving  fluid  was  depinned  from  the  surface. 

Slip  need  not  necessarily  be  predicated  on  having  surfaces  coated  with  self- 
assembled  monolayers  to  render  them  partially  wetted,  though  this  was  the  case  in 
most  of  the  studies  cited  so  far.  The  no-slip  boundary  condition  switches  to  partial 
slip  when  the  fluid  contains  a  small  amount  of  adsorbing  surfactant  [30,  32]. 
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Fig.  14.4  Illustration  that  deviations  from  the  traditional  no-slip  boundary  condition  depend 
systematically  on  surface  roughness.  Here  the  critical  shear  rate  for  onset  of  slip  (left  ordinate) 
and  critical  shear  stress  (right  ordinate)  are  plotted  semilogarifhmically  against  rms  surface 
roughness  for  flow  of  deionized  water  (solid  symbols)  and  tetradecane  (open  symbols  and 
semi-filled  symbols  as  identified  in  [32].  The  data  in  parentheses  indicate  the  asymmetric  situation  - 
one  surface  was  rough  and  the  opposed  surface  was  atomically  smooth,  as  discussed  in  [32]. 
Maximum  shear  rate  and  shear  stress  on  the  crossed  cylinders  were  calculated  using  known  relations 

based    on    continuum    hydrodynamics    from    [13,    42].    Specifically,    ym.lx  =  A\ ^— 

.  After  [7]  with  permission 
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14.2.4    Slip  Can  Be  Modulated  by  Dissolved  Gas 


When  experimental  observations  deviate  from  expectations  based  on  the  stick 
boundary  condition,  there  are  at  least  two  alternative  scenarios  with  microscopic 
interpretations.  One  might  argue  that  the  fluid  viscosity  depends  on  distance 
from  the  wall,  but  for  Newtonian  fluids  this  would  not  be  realistic.  Why  then 
do  experimental  data  appear  to  undergo  shear  thinning  with  increasing  values  of 
the  parameter  v^^/D,  if  it  is  unreasonable  to  suppose  that  the  viscosity  really 
diminished?  Inspection  shows  that  the  data  for  smooth  surfaces  at  high  flow  rates 
are  consistent  with  a  two-layer-fluid  model  in  which  a  layer  <1  nm  thick,  but 
with  viscosity  10-20  times  less  than  the  bulk  fluid,  adjoins  each  solid  surface  [9]. 
A  possible  mechanism  to  explain  its  genesis  was  proposed  by  de  Gennes  [46],  who 
conjectured  that  shear  may  induce  nucleation  of  vapor  bubbles;  once  the  nucleation 
barrier  is  exceeded  the  bubbles  grow  to  cover  the  surface,  and  flow  of  liquid  is  over 
this  thin  gas  film  rather  the  solid  surface  itself.  Indeed,  it  is  likely  that  incomplete  air 
removal  from  the  solid  surfaces  can  profoundly  influence  findings  in  these  situations 
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where  surface  roughness  is  so  low.  This  has  been  identified  by  recent  research  as 
a  likely  source  of  the  misnamed  long-range  hydrophobic  attraction  [47,  48]; 
gases  also  appear  to  influence  the  sedimentation  rate  of  small  particles  in  liquid  [49]. 

Accordingly,  similar  experiments  were  performed,  in  which  the  surface  forces 
apparatus  was  used  to  measure  hydrodynamic  forces  of  Newtonian  fluids  that  had 
been  purged  with  various  gases.  Dissolved  gas  strongly  influences  hydrodynamic 
forces,  in  spite  of  the  fact  that  gas  solubility  is  low. 

Figure  14.5  (top  panel)  illustrates  experiments  in  which  a  simple  nonpolar  fluid 
(tetradecane)  was  placed  between  a  wetted  mica  surface  on  one  side,  and  a  partially 
wetted  methyl-terminated  surface  on  the  other,  using  methods  described  in  detail 
elsewhere  [8,  9].  The  surface-surface  spacing  of  10-100  nm  substantially  exceeded 
the  size  of  the  fluid  molecules.  The  spacings  were  vibrated  with  small  amplitude 
at  these  spacings  where  the  fluid  responded  as  a  continuum,  and  the  magnitude  of 
hydrodynamic  force  was  measured  as  a  function  of  the  ratio  vpe:±/D  suggested  by 
(14.2).  The  experiments  showed  that,  whereas  textbook  behavior  [10]  was  nearly 
followed  when  the  tetradecane  had  been  saturated  with  carbon  dioxide  gas,  massive 
deviations  from  this  prediction  were  found  when  the  tetradecane  was  saturated  with 
argon.  This  makes  it  seem  likely  that  argon  segregated  to  the  solid  walls,  creating  a 
low-viscosity  boundary  layer,  in  this  way  greasing  the  flow  of  fluid  past  that 
surface.  Presumably,  the  amount  of  segregation  is  a  material  property  of  the  fluid, 
the  chemical  makeup  of  the  surface,  and  the  chemical  identity  of  the  dissolved  gas. 
In  this  example,  the  fact  that  argon  possesses  low  solubility  in  tetradecane  may  have 
made  it  more  prone  to  segregate  to  the  surfaces. 

Indeed,  when  a  solid  wall  is  hydrophobic  and  immersed  in  water,  the  ideas  of 
Chandler  and  coworkers  [50]  suggest  that  thermodynamics  may  assist  the  forma- 
tion of  a  vapor  phase  near  the  wall.  Recent  force  measurements  support  this  idea 
[51,52]. 


14.2.5    Slip  Past  Wetted  Surfaces 

The  influence  of  dissolved  gas  (just  discussed)  casts  doubt  on  a  traditional  assump- 
tion of  work  in  this  field,  which  is  that  slip  arises  because  fluid-fluid  intermolecular 
interactions  are  stronger  than  those  between  fluid  and  surface,  i.e.  that  the  surface 
must  be  wetted  only  partially.  Yet  for  several  years,  there  have  been  prominent 
counterexamples  [28,  41].  Recent  experiments  show  that  dissolved  gases  can 
mediate  apparent  slip  even  for  solid  surfaces  that  are  fully  wetted  by  the  flowing 
fluid. 

Figure  14.5  (bottom  panel)  summarizes  experiments  in  which  deionized  water 
was  placed  between  wetted  surfaces  of  mica  and  the  surface-surface  spacing  of 
10-100  nm  was  vibrated  with  small  amplitude  in  the  manner  described  previously 
[7-9,  31-34].  Hydrodynamic  force  is  plotted  against  the  ratio,  vps,^/D.  It  is  obvious 
that  the  prediction  based  on  (14.2),  a  straight  line  on  the  log-log  plot  with  a  slope  of 
unity,  was  violated  systematically  when  the  hydrodynamic  force  reached  a  critical 
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Fig.  14.5  Illustration  that  the  onset  of  slip  depends  on  dissolved  gas,  when  simple  Newtonian 
fluids  flow  past  atomically  smooth  surfaces,  either  wetted  or  partially  wetted.  On  log-log  scales, 
the  hydrodynamic  force  FH,peak  is  plotted  against  reduced  flow  rate,  v^^/D,  such  that  a  straight 
line  of  slope  unity  would  indicate  the  no-slip  condition  assumed  by  (14.1).  The  vibration  frequency 
is  9  Hz.  Top  panel:  tetradecane  flowing  between  the  asymmetric  case  of  a  wetted  mica  surface  on 
one  side,  a  partially  wetted  surface  of  methyl-terminated  self-assembled  monolayer  on  the  other 
side,  prepared  as  described  elsewhere  [33].  Filled  symbols,  tetradecane  saturated  with  carbon 
dioxide;  open  symbols,  tetradecane  saturated  with  argon.  Bottom  panel:  deionized  water  flowing 
between  mica  surfaces  that  are  wetted  by  this  fluid.  The  hatched  region  of  the  graph  shows  the 
range  of  irreproducible  results  obtained  when  the  gas  dissolved  in  the  water  was  not  controlled. 
Filled  symbols,  water  saturated  with  carbon  dioxide;  open  symbols,  water  saturated  with  argon. 
After  [7]  with  permission 


level.  An  intriguing  point  is  that  initial  findings  were  found  to  be  irreproducible 
(they  varied  within  the  range  marked  by  the  hatched  lines  in  the  graph)  but  became 
reproducible  when  the  water  was  first  deliberately  saturated  with  gas.  One  observes 
that  water  saturated  with  argon  appeared  to  slip  at  a  slightly  higher  level  of  shear 
stress  than  water  saturated  with  carbon  dioxide,  and  that  in  both  cases  the  limiting 
hydrodynamic  force  was  larger  than  when  the  nature  of  the  dissolved  gas  was  not 
controlled. 

This  rich  and  complex  sensitivity  to  the  detailed  materials  chemistry  of  the 
system  disappears,  unfortunately,  when  surfaces  are  so  rough  that  the  stick 
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boundary  condition  is  produced  trivially  by  the  influence  of  surface  roughness  [7,  8, 
22-24].  Therefore  for  scientific  and  practical  reasons  alike,  these  issues  of  flow  past 
nearly  smooth  surfaces  comprise  fertile  ground  for  future  work. 


14.2.6    The  Purposeful  Generation  of  Slip 

Inspired  by  these  ideas  to  design  new  engineering  structures,  one  might  strive  to 
"grease"  the  flow  of  liquids  past  solid  surfaces  by  altering  the  boundary  condition. 
One  strategy  is  to  make  the  surfaces  ultra-smooth  [7-9].  Another  (also  mentioned 
already)  is  to  add  processing  aids  that  segregate  to  the  surface  [30,  32,  36].  A  third 
way  is  to  purposefully  use  multicomponent  fluids  to  generate  concentration  gradi- 
ents and  differential  wetting  to  generate  slip,  as  can  occur  even  if  there  is  no 
velocity  gradient  in  the  fluid  [38].  These  methods  could  potentially  be  used  in 
nanomotors  or  nanopumps. 

Alternatively,  one  may  seek  to  maximize  contact  with  air,  which  is  exceedingly 
solvophobic.  Readers  will  have  noticed  that  water  ubiquitously  beads  up  on  the 
leaves  of  plants.  Some  plants  can  display  a  contact  angle  that  approaches  180°, 
even  though  water  at  a  smooth  surface  of  the  same  chemical  makeup  displays  a 
much  lower  contact  angle.  A  beautiful  recent  series  of  experiments  from  the  Kao 
Corporation  in  Japan  provided  insight  into  why  [53]  -  the  surfaces  are  rough  on  many 
length  scales  [54,  55]  and  trap  air  beneath  them.  Readers  will  have  noticed  that,  if  one 
tilts  a  leaf,  a  drop  of  water  on  it  rolls  smoothly,  because  it  rides  mainly  on  a  cushion  of 
air,  whose  effect  will  be  further  discussed  in  the  next  section.  It  is  the  principle  of  an 
ingenious  method  introduced  recently  to  lower  the  viscous  drag  when  fluids  [56]  are 
caused  to  flow  through  pipes  whose  diameter  is  macroscopic.  Of  course,  given  a  long 
enough  period  of  time  it  is  likely  that  the  trapped  gas  would  dissolve  into  the  flowing 
fluid,  but  perhaps  this  effect  could  be  enhanced  by  placing  air  nozzles  along  the  walls 
of  the  tube  and  replenishing  the  trapped  gas  with  a  stream  of  inlet  air. 

A  final  method  by  which  flow  of  a  Newtonian  fluid  past  surfaces  may  be 
facilitated  is  to  ciliate  the  surfaces  by  coating  with  chain  molecules  -  polymers, 
proteins,  or  sugars.  Recent  experiments  using  a  surface  forces  apparatus  (SFA) 
suggest  a  similar  (but  less  dramatic)  rate-dependent  slip  in  this  case  also  [31].  This 
is  possibly  related  to  fluid  flow  in  biological  organs  whose  surfaces  are  also 
extensively  ciliated,  such  as  blood  vessels  and  the  kidney  [57]. 


14.2.7    Outlook 

The  textbook  presentation  of  engineering  fluid  mechanics  is  often  of  a  subject 
thoroughly  understood,  but  recent  experiments  and  simulations  using  smooth 
surfaces  show  behavior  that  is  richer  and  more  complex  than  had  been  supposed. 
The  correct  boundary  condition  appears  to  depend  on  physical  chemical  properties 
of  the  solid-liquid  interface  that  are  susceptible  to  rational  control. 
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14.3     Hydrophobic  Interaction  and  Water  at  a  Hydrophobicity 
Interface 

The  role  of  water  in  physical  situations  from  biology  to  geology  is  almost  universally 
thought  to  be  important  but  the  details  are  disputed  [1,  48,  50-52,  58-72].  For 
example,  as  concerns  proteins,  the  side-chains  of  roughly  half  the  amino  acids  are 
polar  while  the  other  half  are  hydrophobic;  the  non-mixing  of  the  two  is  a  major 
mechanism  steering  the  folding  of  proteins  and  other  self-assembly  processes.  As  a 
second  example,  it  is  an  everyday  occurrence  to  observe  beading-up  of  raindrops,  on 
raincoats  or  leaves  of  plants.  Moreover,  it  is  observed  theoretically  and  experimentally 
that,  when  the  gap  between  two  hydrophobic  surfaces  becomes  critically  small,  water 
is  ejected  spontaneously  [50,  51,  70-72]  whereas  water  films  confined  between 
symmetric  hydrophilic  surfaces  are  stable  [1].  Despite  its  importance,  water  exhibits 
many  anomalous  behaviors  when  compared  to  other  fluids.  Particularly,  it  presents 
some  even  more  puzzling  behaviors  near  hydrophobic  surfaces.  This  section  is 
adapted  from  discussions  in  several  primary  accounts  published  previously  [51,  52]. 
In  its  liquid  form,  water  consists  of  an  ever-changing  three-dimensional  network 
of  hydrogen  bonds.  Hydrophobic  surfaces  cannot  form  hydrogen  bonds,  and  the 
hydrogen-bonding  network  must  be  disrupted.  So  what  happens  when  water  is 
compelled  to  be  close  to  a  hydrophobic  surface?  Energetically,  it  is  expected  that 
the  system  forms  as  many  hydrogen  bonds  as  possible,  resulting  in  a  preferential 
ordering  of  the  water.  Entropically,  it  is  expected  that  the  system  orients  randomly 
and  thus  samples  the  maximum  number  of  states.  Which  of  these  two  competing 
interactions  dominates?  What  effect  does  the  competition  have  on  the  dynamic  and 
equilibrium  properties  of  the  system?  The  answers  to  these  questions  are  still  hotly 
debated.  To  help  resolve  this  debate,  static  and  dynamic  interaction  of  water 
confined  to  a  hydrophobic  surface  is  studied  by  SFA. 


14.3.1     Experimental 

The  atomically  smooth  clay  surfaces  used  in  this  study,  muscovite  mica  (hydrophilic) 
and  muscovite  mica  blanketed  with  a  methyl-terminated  organic  self-assembled 
monolayer  (hydrophobic),  allowed  the  surface  separation  to  be  measured,  by 
multiple  beam  interferometry,  with  a  resolution  of  ±2-5  A.  Surfaces  were  brought 
to  the  spacings  described  below  using  a  surface  forces  apparatus  modified  for 
dynamic  oscillatory  shear  [44,  73].  A  droplet  of  water  was  placed  between  the 
two  surfaces  oriented  in  a  crossed  cylinder  geometry.  Piezoelectric  bimorphs  were 
used  to  produce  and  detect  controlled  shear  motions.  The  deionized  water  was 
previously  passed  through  a  purification  system,  Barnstead  Nanopure  II  (control 
experiments  with  water  containing  dissolved  salt  were  similar).  In  experiments 
using  degassed  water,  the  water  was  either  first  boiled,  then  cooled  in  a  sealed 
container,  or  vacuumed  for  5-10  h  in  an  oven  at  room  temperature.  The  temperature 
of  measurements  was  25°C. 
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In  order  to  determine  firmly  that  findings  did  not  depend  on  details  of  surface 
preparation,  three  methods  were  used  to  render  one  surface  hydrophobic.  In  order 
of  increasing  complexity,  these  were:  (a)  atomically  smooth  mica  coated  with  a 
self-assembled  monolayer  of  condensed  octadecyltriethoxysilane  (OTE),  using 
methods  described  previously  [44];  (b)  mica  coated  using  Langmuir-Blodgett 
methods  with  a  monolayer  of  condensed  octadecyltriethoxysilane;  and  (c)  a  thin 
film  of  silver  sputtered  onto  atomically  smooth  mica,  then  coated  with  a  self- 
assembled  thiol  monolayer.  In  method  (a),  the  monolayer  quality  was  improved 
by  distilling  the  OTE  before  self-assembly.  In  method  (b),  OTE  was  spread  onto 
aqueous  HC1  (pH  =  2.5),  0.5  h  was  allowed  for  hydrolysis,  the  film  was  slowly 
compressed  to  the  surface  pressure  n  —  20  mN/m  (3^1  h),  and  the  close-packed 
film  was  transferred  onto  mica  by  the  Langmuir-Blodgett  technique  at  a  creep-up 
speed  of  2  mm/min.  Finally  the  transferred  films  were  vacuum  baked  at  120°C  for 
2  h.  In  method  (c),  650  A  of  silver  were  sputtered  at  120  V  (1  A/s)  onto  mica 
that  was  held  at  room  temperature,  and  then  octadecanethiol  was  deposited 
from  0.5  mM  ethanol  solution.  In  this  case,  AFM  (atomic  force  microscopy; 
Nanoscope  II)  showed  the  rms  (root  mean  square)  roughness  to  be  0.5  nm.  All 
three  methods  led  to  the  same  conclusions,  summarized  below. 


14.3.2    Hydrophobic  Interaction 

A  puzzling  aspect  of  the  hydrophobic  attraction  is  that  its  intensity  and  range  appear 
to  be  qualitatively  different  as  concerns  extended  surfaces  of  large  area,  and  small 
molecules  of  modest  size  [50,  60,  67,  74].  One  difference  is  fundamental:  the 
hydrogen-bond  network  of  water  is  believed  for  theoretical  reasons  to  be  less 
disrupted  near  a  single  alkane  molecule  than  near  an  extended  surface  [50,  60, 
67,  74].  A  second  difference  is  phenomenological:  direct  measurement  shows 
attractive  forces  between  extended  surfaces  starting  at  separations  too  large  to  be 
reasonably  explained  by  disruption  of  the  hydrogen-bond  network.  This  conclusion 
comes  from  20  years  of  research  using  the  surface  forces  apparatus  (SFA)  and, 
more  recently,  atomic  force  microscopy  (AFM).  The  onset  of  attraction,  ss  10  nm  in 
the  first  experiments  [69,  75-78],  soon  increased  by  nearly  an  order  of  magnitude 
[79-8 1  ]  and  has  been  reported,  in  the  most  recent  work,  to  begin  at  separations  as 
large  as  500  nm  [71].  This  has  engendered  much  speculation  because  it  is  unrea- 
sonably large  compared  to  the  size  of  the  water  molecule  («  0.25  nm).  The  range 
of  interaction  decreases  if  the  system  (water  and  the  hydrophobic  surfaces)  are 
carefully  degassed  [48,  82-86].  Water  in  usual  laboratory  experiments  is  not 
degassed,  however,  so  it  is  relevant  to  understand  the  origin  of  long-range  attraction 
in  that  environment.  A  recent  review  summarizes  the  experimental  and  theoretical 
situation  [81]. 

In  the  course  of  experiments  intended  to  probe  the  predicted  slip  of  water  over 
hydrophobic  surfaces  [9, 45]  (see  the  previous  section),  weakening  of  the  long-range 
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hydrophobic  force  to  the  point  of  vanishing  was  observed  when  the  solid  surfaces 
experienced  low-level  vibrations  around  a  mean  static  separation. 

The  attraction  recorded  during  the  approach  of  OTE  surfaces  with  a  droplet  of 
deionized  water  in  between  is  plotted  in  Fig.  14.6  as  a  function  of  surface-surface 
separation  (D).  D  =  0  here  refers  to  a  monolayer-monolayer  contact  in  air.  In 
water,  the  surfaces  jumped  into  adhesive  contact  at  0  ±  2  A.  This  jump  in  was  very 
slow  to  develop,  however.  The  pull-off  force  to  separate  the  surfaces  from  contact 
at  rest  (1 13  mN/m  in  Fig.  14.6)  implies,  from  the  Johnson-Kendall-Roberts  (JKR) 
theory  [76],  the  surface  energy  of  about  12  mJ/m  (and  up  to  about  30%  less  than 
this  when  oscillations  were  applied).  The  onset  of  attraction  at  650  nm  for  the 
hydrophobic  surfaces  at  rest  is  somewhat  larger  than  in  any  past  study  of  which  we 
are  aware.  However,  we  emphasize  that  the  level  of  pull-off  force  was  consistent 
with  the  prior  findings  of  other  groups  using  other  systems  [1,  60-72]. 

These  observations  clearly  imply  some  kind  of  rate-dependent  process.  As 
shown  in  Fig.  14.7,  the  force  F  diminished  with  increasing  velocity  and  its  magni- 
tude at  a  given  D  appeared  in  every  instance  to  extrapolate  smoothly  to  zero.  The 
possible  role  of  hydrodynamic  forces  was  considered  but  discarded  as  a  possible 
explanation.  Similar  results  (not  shown)  were  also  obtained  when  the  surfaces 
were  vibrated  parallel  to  one  another  rather  than  in  the  normal  direction.  Some 
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Fig.  14.6  Force-distance  profiles  of  deionized  water  between  hydrophobic  surfaces  (OTE  mono- 
layers on  mica).  Force  F,  normalized  by  the  mean  radius  of  curvature  (R  ps  2  cm)  of  the  crossed 
cylinders,  is  plotted  against  surface  separation.  Forces  were  measured  during  approach  from  static 
deflection  of  the  force-measuring  spring,  while  simultaneously  applying  small-amplitude  harmonic 
oscillations  in  the  normal  direction  with  peak  velocity  ly^  =  d  x  2nf  where  d  denotes  displacement 
amplitude  and /denotes  frequency.  This  velocity  was  zero  (solid  squares),  7.6  nm/s  (d  =  1.6  nm, 
/=  0.76  Hz;  circles),  26  nm/s  (d  =  3.2  nm,  /  =  1.3  Hz;  up  triangles),  52  nm/s  (d  =  3.2  nm, 
/  =  2.6  Hz;  down  triangles).  The  pull-off  adhesion  forces  ("jump  out"),  measured  at  rest  and  with 
oscillation,  are  indicated  by  the  respective  semi-filled  symbols.  The  approach  data  follow  the  straight 
line  with  slope  Ksp/R  (drawn  separately  as  a  guide  to  the  eye),  indicating  that  they  represented  a 
spring  instability  ("jump  in")  such  that  the  gradient  of  the  attractive  force  exceeded  the  spring  constant 
(Ksp),  930  N/m.  After  [51]  with  permission 
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Fig.  14.7    The  attractive 
force  (FIR)  at  seven  different 
surface  separations  (D)  is 
plotted  against  peak  velocity. 
The  film  thickness  was 
D  =  720  nm  (squares), 
540  nm  (circles),  228  nm 
(up  triangles),  116  nm  (down 
triangles),  63  nm  (diamonds), 
17  nm  (crosses),  5  nm  (stars). 
After  [51]  with  permission 
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precedence  is  found  in  a  recent  AFM  study  that  reported  weakened  hydrophobic 
adhesion  force  with  increasing  approach  rate  [85]. 

These  observations  remove  some  of  the  discrepancy  between  the  range  of 
hydrophobic  forces  between  extended  surfaces  of  macroscopic  size  [1,  60-72] 
and  the  range  that  is  expected  theoretically  [50,  60,  67,  74].  A  tentative  explanation 
is  based  on  the  frequent  suggestion  that  the  long-range  hydrophobic  attraction 
between  extended  surfaces  stems  from  the  action  of  microscopic  or  submicron- 
sized  bubbles  that  arise  either  from  spontaneous  cavitation  or  the  presence  of 
adventitious  air  droplets  that  form  bridges  between  the  opposed  surfaces  [48,  81, 
83-86].  The  experiments  reported  here  show  that  this  effect  required  time  to 
develop.  Hydrophobic  attraction  at  long  range  was  softened  to  the  point  of  vanish- 
ing when  the  solid  surfaces  were  not  stationary. 


14.3.3    Hydrophobicity  at  a  Janus  Interface 


Due  to  the  strong  propensity  to  repel  water  completely  out  of  two  hydrophobic 
surfaces,  it  is  then  interesting  to  consider  the  antisymmetric  situation,  a  hydrophilic 
surface  on  one  side  (A)  and  a  hydrophobic  surface  (B)  on  the  other.  The  surface  A 
prevents  water  from  being  expelled,  to  successfully  retain  a  stabilized  aqueous  thin 
film  at  intimately  close  contact.  The  surface  B  introduces  the  hydrophobic  effect. 
This  Janus  situation  is  shown  in  the  cartoon  of  Fig.  14.8. 

Similar  to  the  force  between  two  OTE  surfaces,  long-range  attraction  was  also 
observed  at  the  Janus  interface,  as  shown  in  the  inset  of  Fig.  14.8.  The  opposed 
surfaces  ultimately  sprang  into  contact  from  D  ps  5  nm  and  upon  pulling  the 
surfaces  apart,  an  attractive  minimum  was  observed  at  D  =  5.4  nm.  The  surfaces 
could  be  squeezed  to  a  lower  thickness,  D  rj  2.0  nm.  Knowing  that  the  linear 
dimension  of  a  water  molecule  is  «  0.25  nm  [1],  the  thickness  of  the  resulting 
aqueous  films  amounted  to  the  order  of  5-20  water  molecules,  although  (see  below) 
it  is  not  clear  that  molecules  were  distributed  evenly  across  this  space.  Below  we 
discuss  shear  results. 
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Fig.  14.8  Deionized  water  confined  between  a  hydrophilic  surface  on  one  side  and  a  hydrophobic 
surface  on  the  other  (cartoon).  The  cartoon  is  not  to  scale  because  the  gap  thickness  is  nanometers 
at  closest  approach  and  the  droplet  size  (ks  2  mm  on  a  side)  vastly  exceeds  the  contact  zone 
(fa  10  urn  on  a  side).  The  main  figure  shows  the  time-averaged  viscous  (circles)  and  elastic 
(squares)  shear  forces  measured  at  1.3  Hz  and  0.3-nm  deflection,  plotted  semilogarithmically 
against  surface  separation  for  deionized  water  confined  between  OTE  deposited  onto  mica  using 
the  Langmuir-Blodgett  (LB)  technique  (shear  impulses  were  applied  to  this  hydrophobic  surface). 
The  inset  shows  the  static  force-distance  relations.  Force,  normalized  by  the  mean  radius  of 
curvature  (R  m  2  cm)  of  the  crossed  cylinders,  is  plotted  against  the  thickness  of  the  water  film 
(D  =  0  refers  to  contact  in  air).  The  pull-off  adhesion  at  D  w  5.4  nm  is  indicated  by  a  star.  The 
straight  line  with  slope  Ksp/R  indicates  the  onset  of  a  spring  instability  where  the  gradient  of 
attractive  force  exceeds  the  spring  constant  (Ksp),  930  N/m.  Following  this  jump  into  contact,  films 
of  stable  thickness  resulted,  whose  thickness  could  be  varied  in  the  range  D  =  1-4  nm  with 
application  of  compressive  force.  After  [52]  with  permission 


In  the  shear  measurements,  the  sinusoidal  shear  deformations  were  gentle  -  the 
significance  of  the  resulting  linear  response  being  that  the  act  of  measurement  did 
not  perturb  their  equilibrium  structure  (linear  responses  were  verified  from  the 
absence  of  harmonics  in  the  time  dependence  of  shear  motion).  Using  techniques 
that  are  well  known  in  rheology,  from  the  phase  lag  and  amplitude  during  oscilla- 
tory excitation  the  responses  to  shear  excitation  were  decomposed  into  one  in-phase 
component  (the  elastic  force,  /')  and  one  out-of-phase  component  (the  viscous 
force,  /")  [87].  Figure  14.8  (main  portion)  illustrates  responses  at  a  single  fre- 
quency and  variable  thickness.  The  shear  forces  stiffened  by  more  than  one  order  of 
magnitude  as  the  films  were  squeezed.  It  is  noteworthy  that,  when  molecularly  thin 
aqueous  films  are  confined  between  clay  surfaces  that  are  symmetrically  hydro- 
philic, deviations  from  the  response  of  bulk  water  appear  only  at  smaller  separa- 
tions [88];  evidently  the  physical  origin  is  different  here.  Moreover,  at  each 
separation  the  elastic  and  viscous  forces  were  nearly  identical.  The  equality  of 
elastic  and  viscous  forces  proved  to  be  general,  not  an  accident  of  the  shear 
frequency  chosen.  Again  this  contrasts  with  recent  studies  of  molecularly  thin  water 
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films  between  surfaces  that  are  symmetrically  hydrophilic  [88].  The  magnitudes 
of  the  shear  moduli  in  Fig.  14.8  are  "soft"  -  something  like  those  of  agar  or  jelly. 
They  were  considerably  softer  than  for  molecularly  thin  aqueous  films  between 
symmetrically  hydrophilic  surfaces.  This  again  emphasizes  the  different  physical 
origin  of  shear  forces  in  the  present  Janus  situation. 

Figure  14.9  illustrates  the  unusual  result  that  the  shear  forces  scaled  in  magni- 
tude with  the  same  power  law,  the  square  root  of  excitation  frequency.  This 
behavior,  which  is  intermediate  between  solid  and  liquid,  is  often  associated  in 
other  systems  with  dynamical  heterogeneity  [89,  90].  By  known  arguments  it 
indicates  a  broad  distribution  of  relaxation  times  rather  than  any  single  dominant 
one  [87].  The  slope  of  1/2  is  required  mathematically  by  the  Kramers-Kronig 
relations  if  G'(co)  =  G"(oj)  [87];  its  observation  lends  credibility  to  the  measure- 
ments. Figure  14.9  (main  panel)  illustrates  this  scaling  for  an  experiment  in  which 
data  were  averaged  over  a  long  time.  The  inset  shows  that  the  same  was  observed 
using  other  methods  to  prepare  a  hydrophobic  surface.  In  all  of  these  instances,  co1/2 
scaling  was  observed  regardless  of  the  method  of  rendering  the  surface  hydrophobic. 
But  to  observe  clean  a>['2  scaling  required  extensive  time  averaging  -  see  later. 

In  repeated  measurements  at  the  same  frequency,  we  observed  giant  fluctuations 
(±  30-40%)  around  a  definite  mean,  as  illustrated  in  Fig.  14.10,  although  water 
confined  between  symmetric  hydrophilic-hydrophilic  surfaces  (bottom  panel)  did  not 
display  this.  It  is  extraordinary  that  fluctuations  did  not  average  out  over  the  large 
contact  area(«  10  urn  on  a  side)  that  far  exceeded  any  molecular  size.  The  structural 
implication  is  that  the  confined  water  film  comprised  some  kind  of  fluctuating 
complex  -  seeking  momentarily  to  dewet  the  hydrophobic  side  by  a  thermal  fluctua- 
tion in  one  direction,  but  unable  to  because  of  the  nearby  hydrophilic  side;  seeking 
next  to  dewet  the  hydrophobic  side  by  a  thwarted  fluctuation  in  another  direction;  and 
so  on.  Apparently,  nearby  hydrophobic  and  hydrophilic  surfaces  may  produce  a 
quintessential  instance  of  competing  terms  in  the  free  energy,  to  satisfy  which  there 
may  be  many  metastable  states  that  are  equally  bad  (or  almost  equally  bad)  compro- 
mises [91,  92].  This  suggests  the  physical  picture  of  flickering  capillary -type  waves, 
sketched  hypothetically  in  Fig.  14.11.  These  proposed  long- wavelength  capillary 
fluctuations  would  differ  profoundly  from  those  at  the  free  liquid-gas  interface 
because  they  would  be  constricted  by  the  nearby  solid  surface. 

The  power  spectrum  is  the  decomposition  of  the  traces  into  their  Fourier 
components  whose  squared  amplitudes  are  plotted,  on  log-log  scales,  against 
Fourier  frequency  in  Fig.  14.11.  In  the  power  spectrum  one  observes,  provided 
the  Fourier  frequency  is  sufficiently  low,  a  high  level  of  "white"  frequency- 
independent  noise.  But  the  amplitude  began  to  decrease  beyond  a  threshold  Fourier 
frequency  (/  rs  0.001  Hz),  about  103  times  less  than  the  drive  frequency.  Other 
experiments  (not  shown)  showed  the  same  threshold  Fourier  frequency  when 
the  drive  frequency  was  raised  from  1.3  to  80  Hz,  and  therefore  it  appears  to  be  a 
characteristic  feature  of  the  system.  It  defines  a  characteristic  time  for  rearrange- 
ment of  some  kind  of  structure,  «  103/27ts;  we  tentatively  identify  this  with  the 
lifetime  of  bubbles  or  vapor  (see  below).  The  subsequent  decay  of  the  power 
spectrum  as  roughly  1/f    suggests  that  these  fluctuations  reflect  discrete  entities, 
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Fig.  14.9  The  frequency  dependence  of  the  momentum  transfer  between  the  moving  surface 
(hydrophobic)  and  the  aqueous  film  with  an  adjoining  hydrophilic  surface  is  plotted  on  log-log 
scales.  Time-averaged  quantities  are  plotted.  On  the  right-hand  ordinate  scale  are  the  viscous,  g" 
(circles),  and  elastic,  g'  (squares)  spring  constants.  The  equivalent  loss  moduli,  G"ff  (circles),  and 
elastic  moduli,  G'Bt[  (squares),  are  on  the  left-hand  ordinate.  All  measurements  were  made  just 
after  the  jump  into  contact  shown  in  Fig.  14.6,  i.e.  at  nearly  the  same  compressive  pressure 
sb  3  MPa.  The  main  panel,  representing  LB-deposited  OTE,  shows  co  scaling  after  long-time 
averaging,  0.5-1  h  per  datum.  The  inset  shows  comparisons  with  using  other  methods  to  produce  a 
hydrophobic  surface.  In  those  experiments  the  thickness  was  generally  D  =  1.5-1.6  nm  but 
occasionally  as  large  as  2.5  nm  when  dealing  with  octadecanethiol  monolayers.  Symbols  in  the 
inset  show  data  averaged  over  only  5-10  min  with  hydrophobic  surfaces  prepared  with  (a)  a  self- 
assembled  monolayer  of  OTE  (half-filled  symbols),  (b)  Langmuir-Blodgett  deposition  of  OTE 
(crossed  symbols),  or  (c)  deposition  of  octadecanethiol  on  Ag  (open  symbols).  As  in  the  main 
figure,  circles  denote  viscous  forces,  squares  denote  elastic  forces.  Scatter  in  this  data  reflects 
shorter  averaging  times  than  in  the  main  part  of  this  figure  (Fig.  14.8).  After  [52]  with  permission 


as  smooth  variations  would  decay  more  rapidly.  Noise  again  appeared  to  become 
"white"  but  with  an  amplitude  104  times  smaller  at  a  Fourier  frequency  of/  >  0.1  Hz 
but  the  physical  origin  of  this  is  not  evident  at  this  time. 

The  possible  role  of  dissolved  gas  is  clear  in  the  context  of  our  proposed  physical 
explanation.  Indeed,  submicron-sized  bubbles  resulting  from  dissolved  air  have  been 
proposed  to  explain  the  anomalously  long  range  of  the  hydrophobic  attraction 
observed  between  extended  surfaces  [48,  51,  70-72].  To  test  this  idea,  we  performed 
control  experiments  using  degassed  water.  The  power  spectrum,  shown  in  Fig.  14.12, 
was  nearly  the  same.  Although  we  cannot  exclude  that  a  small  amount  of  residual 
dissolved  gas  was  responsible,  this  method  of  degassing  is  reported  to  remove  long- 
range  hydrophobic  attraction  [71],  whereas  the  comparison  in  Fig.  14.12  shows  the 
consequence  in  the  present  situation  to  be  minor.  We  conclude  that  the  effects 
reported  in  this  chapter  do  not  appear  to  stem  from  the  presence  of  dissolved  gas. 

From  recent  theoretical  analysis  of  the  hydrophobic  interaction  the  expectation 
of  dewetting  emerges  -  it  is  predicted  that  an  ultrathin  gas  gap,  with  a  thickness 
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Fig.  14.10  (a-d)  The  prominence  of  fluctuations  for  water  confined  in  a  Janus  interface  is 
illustrated.  In  panels  (a)-(c),  the  viscous  forces,  normalized  to  the  mean  (at  1.3  Hz),  are  plotted 
against  time  elapsed.  In  panel  (a),  the  surfaces  were  first  wetted  with  ethanol  to  remove  adsor- 
bed gas,  then  flushed  with  degassed,  deionized  water.  In  panel  (b),  the  ethanol  rinse  was  omitted. 
Panel  (c)  shows  a  long-time  trace  for  data  taken  under  the  same  conditions  as  for  panel  (b).  Panel 
(d)  illustrates  that  water  confined  between  symmetric  hydrophilic-hydrophilic  surfaces  (panel  (d)) 
did  not  display  noisy  responses.  Confined  ethanol  films  likewise  failed  to  display  noisy  responses 
(not  shown).  After  [52]  with  permission 

on  the  order  of  1  nm,  forms  spontaneously  when  an  extended  hydrophobic  surface 
is  immersed  in  water  [50,  61,  67].  The  resulting  capillary-wave  spectrum  does  not 
appear  to  have  yet  been  considered  theoretically,  but  for  the  related  case  of  the  free 
water-vapor  interface,  measurements  confirm  that  capillary  waves  with  a  broad 
spectrum  of  wavelengths  up  to  micrometers  in  size  contribute  to  its  width  [93].  On 
physical  grounds,  the  thin  gas  gap  suggested  by  our  measurements  should  also  be 
expected  to  possess  soft  modes  with  fluctuations  whose  wavelength  ranges  from 
small  to  large.  From  this  perspective,  we  then  expect  that  the  experimental  geometry 
of  a  Janus-type  water  film,  selected  for  experimental  convenience,  was  incidental  to 
the  main  physical  effect. 

This  has  evident  connections  to  understanding  the  long-standing  question  of  the 
structure  of  aqueous  films  near  a  hydrophobic  surface  and  may  have  a  bearing  on 
understanding  the  structure  of  water  films  near  the  patchy  hydrophilic-hydrophobic 
surfaces  that  are  so  ubiquitous  in  proteins. 
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Fig.  14.11  The  power  spectrum  for  deionized  water  and  the  hydrophobized  surface  comprised  of 
OTE  deposited  by  the  LB  technique  (squares);  degassed  deionized  water  and  the  hydrophobized 
surface  comprised  of  an  octadecanethiol  monolayer  (circles);  and  water  containing  25  mM  NaCl 
confined  between  symmetric  hydrophilic-hydrophilic  surfaces  (diamonds).  To  calculate  the  power 
spectra  the  time  elapsed  was  at  least  105  s  (the  complete  time  series  is  not  shown).  The  power-law 
exponent  is  close  to  —2.  After  [52]  with  permission 


Fig.  14.12    Schematic 
illustration  of  the  capillary 
waves  of  water  meeting  the 
hydrophobic  surface  with  a 
flickering  vapor  phase  in 
between 


14.4    Ultrafast  Spectroscopic  Study  of  Confined 
Fluids:  Combining  Ultra-Fast  Spectroscopy 
with  Force  Apparatus 


The  surface  forces  apparatus  (SFA)  modified  to  measure  interfacial  rheology  has 
been  used  widely  in  last  few  years  to  study  the  viscoelasticity  of  molecularly  thin 
fluid  films  [1^4-,  94-98].  A  recent  application  of  this  technique  is  described  in 
Sect.  14.3.  Though  the  force-based  techniques  are  powerful  and  sensitive,  they  are 
indirect.  The  observation  of  structure-related  transitions,  e.g.,  oscillatory  forces  [1], 
confinement-induced  solidification  [4,  94,  95],  and  stick-slip  motion  in  SFA 
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experiments  [17,  96,  97]  have  not  been  directly  verified  experimentally  using  an 
independent  technique. 

The  power  of  scattering,  microscopy  and  spectroscopic  techniques  in  the  studies 
of  confined  fluids  has  been  of  speculative  interest  for  a  long  time.  However,  there 
are  only  a  few  reported  successes,  primarily  because  of  technical  difficulties  of 
combining  these  forms  of  techniques  with  SFA.  Neutron  and  X-ray  diffraction 
methods  are  very  powerful  for  direct  determination  of  structures  at  the  nanoscale. 
Recently  developed  X-ray  surface  forces  apparatus  permits  simultaneous  X-ray 
diffraction  and  direct  normal  and  lateral  forces  measurements  of  complex  fluids 
under  shear  and  confinement  [98].  Safinya  et  al.  have  investigated  the  structure  of 
thin  liquid  crystal  films  under  confinement  using  this  apparatus  [99].  The  deep 
penetrating  power  of  neutrons  and  the  ability  to  substitute  hydrogen  with  deuterium 
in  many  liquid  systems  can  be  exploited  to  measure  the  molecular  density  and 
orientation  of  confined  fluids  by  using  neutron  diffraction  [100].  The  structure  of 
end-grafted  polymer  brush  layers  have  been  investigated  in  this  manner.  Successful 
utilization  of  this  method  requires  one  to  devise  an  apparatus  that  can  keep  single- 
crystal  substrates  of  quartz  or  sapphire  with  areas  up  to  tens  of  square  centimeters 
parallel  at  controlled  and  well-defined  separations  [101].  So  far,  both  neutron  and 
X-ray  confinement  cells  are  limited  to  confining  gaps  ranging  from  several  hundred 
angstroms  to  millimeters  and  are  not  capable  of  studying  ultrathin  («nm)  liquid 
films.  This  intermediate  length  scale  is  more  suited  to  study  complex  fluids,  e.g., 
long  polymer  chains,  colloidal  particles  and  biological  cells,  where  self-organized 
structures  of  larger  scale  come  into  play.  For  simple  fluids,  the  difficulty  arises 
because,  as  the  film  thickness  decreases,  the  total  number  of  scatterers  decreases 
and  the  signal-to-noise  ratio  presents  severe  limitations.  It  is  difficult  to  distinguish 
with  sufficient  confidence  the  structure  of  a  molecularly  thin  fluid  film  from  that  of 
the  thicker  solids  that  envelop  it.  Synchrotron  X-ray  sources,  such  as  the  advanced 
photon  source  at  Argonne  National  Laboratory  have  sufficient  flux  for  experiments 
of  extremely  confined  liquid  films  possible.  Recent  X-ray  reflectivity  experiments 
have  confirmed  the  expected  layering  in  the  direction  perpendicular  to  the  confining 
surfaces  [102],  but  questions  about  in-plane  order  and  responses  to  external  fields 
remain  conjectural. 

The  interaction  of  light  with  matter  -  for  example  Raman  and  infrared  -  has 
impressive  potential,  but  the  problem  is  to  distinguish  the  signal  (the  fluid  monolayer) 
from  all  the  noise  (the  sliding  surfaces  and  the  solids  beneath  them).  The  micro- 
rheometer  developed  by  Dhinojwala  et  al.  can  readily  be  combined  with  spectros- 
copy (Fourier-transform  infrared  spectroscopy  and  dielectric  spectroscopy)  or 
scattering  (X-ray  and  neutron)  techniques  [103].  It  uses  two  parallel  optically  flat 
windows  plates  whose  separation  can  be  controlled  from  a  few  tens  of  nm  to  tens  of 
um,  but  is  more  suited  to  thicker  (0. 1-10  um)  films.  It  has  been  used  for  in  situ  study 
of  shear-induced  molecular  orientation  of  nematic  liquid  crystals  by  using  Fourier- 
transform  infrared  time-resolved  spectroscopy  (FTIR-TRS)  synchronized  with  the 
shear  motion  [104].  By  replacing  one  of  the  plates  with  a  prism,  recently  it  has  been 
shown  that  this  rheometer  can  be  combined  with  the  surface-sensitive  technique  of 
infrared-visible  sum-frequency  generation  (SFG)  in  the  total  internal  reflection 
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(TIR)  geometry  [105].  This  combination  can  be  used  to  probe  the  orientation, 
alignment  and  relaxation  modes  of  organic  molecules  at  the  buried  interface  in 
a  condition  of  flow  or  shear.  Some  years  back  it  was  shown  that  SFG  can  be 
combined  with  the  surface  forces  apparatus  to  study  nanometer-thick  films  of 
self-assembled  monolayer  confined  between  atomically  smooth  mica  surfaces 
[106],  but  implementation  of  this  approach  to  other  experimental  situations,  such 
as  confined  fluids  still  presents  significant  challenges. 

Another  problematic  issue  arises  in  interpreting  experiments  that  measure 
mechanical  properties,  such  as  the  SFA  or  AFM.  The  measurement  generates  a 
single  number,  the  force,  but  although  the  surface  separations  are  molecular,  the 
areas  of  interaction  are  macroscopic.  So  this  force  is  the  result  of  the  average 
response  of  a  large  collection  of  molecules.  Recent  advances  in  optical  spectros- 
copy and  microscopy  have  made  it  possible  not  only  to  detect  and  image  single 
molecules,  but  to  conduct  spectroscopic  measurements  and  monitor  dynamic  pro- 
cesses as  well  at  the  level  of  single  (or  a  handful  of)  molecules  [107,  108].  These 
studies  illustrate  their  utility  to  dissect  the  distributions  around  the  average  for 
processes  such  as  diffusion  or  chemical  reactions.  In  many  of  these  experiments,  a 
fluorescent  molecule  is  doped  into  the  sample,  which  acts  as  a  probe  of  its  local 
environment  [109].  Monitoring  motions  of  the  probe  over  time  and  in  the  presence 
of  external  fields  can  offer  insights  into  changes  in  this  local  environment  within 
which  the  dye  molecule  is  embedded.  However,  to  integrate  force  measurements 
using  SFA  with  concurrent  measurements  using  fluorescence  spectroscopy  required 
significant  modification  of  the  usual  methods  [110].  In  the  following  we  discuss 
the  challenges  of  combining  SFA  with  single-molecule-sensitive  spectroscopy 
techniques.  This  section  is  adapted  from  discussions  in  several  primary  accounts 
published  previously  [109,  110]. 


14.4.1     Challenges 

One  of  the  major  difficulties  is  to  detect  and  collect  fluorescence  efficiently  and  to 
separate  it  from  background  noise.  Background  originates  from  many  sources: 
Raman  and  Rayleigh  scattering,  fluorescence  owing  to  impurities  in  the  solvent, 
and  from  the  substrates,  which  includes  the  lens,  glue  and  mica  (the  glue  attaches  a 
cleaved  mica  sheet  onto  the  supporting  cylindrical  lens  in  SFA  experiments). 
Typical  background  counts  can  far  exceed  those  from  a  dilute  concentration  of 
fluorophore  molecules  doped  inside  the  sample  of  interest. 

Another  type  of  challenge  comes  from  the  limited  photochemical  lifetime  of  a 
fluorophore.  A  common  fluorophore  photobleaches  irreversibly  after  emitting  a 
finite  number  of  photons  (10  -10  ).  This  problem  becomes  severe  in  ultrathin  films, 
where  the  dynamics  can  become  slower  and  a  dye  molecule  resides  for  a  long  time 
within  the  laser  focus. 

A  third  difficulty  is  the  necessity  to  perform  spectroscopy  at  the  same  time  as 
multiple-beam  interferometry  (MBI)  to  determine  the  film  thickness.  Traditionally 
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a  silver  coating  of  thickness  ss  63  nm  is  used  at  the  back  side  of  mica  for  the 
purpose  of  MBI,  but  the  high  reflectivity  of  silver  from  the  infrared  to  UV  regime 
excludes  this  possibility  here. 

The  final  challenge  is  to  incorporate  the  SFA  and  the  needed  optics.  As  the  signal 
must  be  as  large  as  possible,  the  maximum  possible  amount  of  fluorescence  from 
the  fluorophore  of  interest  should  be  detected  for  a  successful  experiment.  A  high 
numerical  aperture  (NA.)  objective  is  desirable  but  such  objectives  have  a  very 
small  working  distance  («  1-2  mm).  This  requires  significant  modification  of  the 
traditional  SFA  in  order  to  make  it  possible  to  focus  the  laser  beam  on  the  sample. 

We  recently  succeeded  in  implementing  the  technique  of  fluorescence  correla- 
tion spectroscopy  (FCS),  which  can  measure  the  translational  diffusion  with  surface 
forces  measurement  and  friction  studies  within  the  SFA  [111].  The  scientific 
objective  of  building  this  integrated  platform  was  to  answer  questions  such  as: 
how  is  the  rate  of  molecular  probe  diffusion,  within  a  confined  fluid,  related  to  the 
stress  relaxation  time?  Is  there  significant  collective  molecular  motion  or  dynamical 
heterogeneity?  What  happens  to  the  molecules  during  the  stick-slip  motion?  The 
principle  of  the  FCS  technique  and  the  experimental  set-up  of  the  combined 
platform  are  described  below. 


14.4.2    Principles  of  FCS  Measurement 

Fluorescence  correlation  spectroscopy  (FCS)  is  an  experimental  method  to  extract 
information  on  dynamical  processes  from  the  fluctuation  of  fluorescence  intensity 
[112].  The  technique  has  enjoyed  widespread  application  recently  in  the  field 
of  chemical  biology  because  of  its  ability  to  access  to  a  multitude  of  parameters 
with  biological  relevance  [113,  114],  The  fluctuation  of  fluorescence,  when  dye 
molecules  are  dilute,  can  in  principle  result  from  diffusion,  aggregation,  or  chemical 
reaction.  Compared  to  other  techniques  for  studying  diffusion  problems,  such  as 
quasi-elastic  light  scattering  (QELS),  fluorescence  recovery  after  photobleaching 
(FRAP),  and  laser-induced  transient  grating  spectroscopy,  FCS  presents  the  unique 
capability  of  measuring  extremely  dilute  systems  with  high  spatial  resolution  (down 
to  the  optical  diffraction  limit).  On  the  average  there  can  be  as  few  as  1-5  dye 
molecules  within  the  w  1  fl  volume  element  of  the  focused  laser  beam.  However, 
these  dye  molecules  move  in  and  out  due  to  Brownian  motion,  causing  intensity 
fluctuations  which  can  be  observed  as  low-frequency  noise  on  the  mean  fluorescence 
signal  (Fig.  14.13).  By  inspecting  the  autocorrelation  function  of  this  fluctuation, 

G(x)  =  {5l(t)5l(t  +  x))/{8l(t))2,  (HA) 

(here  /  denotes  fluorescence  intensity  and  t  is  the  time  variable),  and  by  choosing 
a  suitable  model  to  analyze  it,  the  rate  of  dynamic  process  is  obtained  [112].  If  the 
primary  reason  for  fluctuation  is  translational  diffusion,  and  assuming  that  the 
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Fig.  14.13  (a-d)  Schematic  illustration  of  the  utility  of  fluorescence  correlation  spectroscopy  in  a 
confined  geometry:  (a)  A  fluorescent  molecule  is  doped  within  an  ultrathin  film  of  fluids  (e.g., 
simple  alkanes,  polymers,  colloidal  particles)  confined  between  two  solid  surfaces.  Photon  emis- 
sion counts  can  fluctuate  with  time  (c)  resulting  from  the  diffusion  of  fluorophores  through  the 
laser  focus  (b).  From  the  autocorrelation  function  of  this  fluctuation  G(t),  the  rate  of  dynamic 
process  can  be  obtained  (d).  Calculated  G(t)  for  pure  Brownian  diffusion  (dashed  curve)  and  flow 
superimposed  with  diffusion  (solid  curve)  are  shown 


fluorescence  characteristics  of  the  diffusing  molecules  do  not  change  while 
traversing  the  laser  volume,  one  can  use  Fick's  second  law  to  calculate  the  transla- 
tional  diffusion  coefficient  (D)  from  the  autocorrelation  function  by  using  the 
relation  [115], 


G(t)  =  G(0)/(1  +  8Dt/o>§) 


(14.5) 


This  result  follows  from  the  convolution  of  the  concentration  correlation  with  the 
spatial  profile  of  the  laser  focus,  which  has  been  assumed  to  be  a  two-dimensional 
Gaussian  of  width  ojq.  The  magnitude  of  the  autocorrelation  function  at  time  zero, 
G(0),  is  related  to  the  average  number  of  fluorophores  (N)  in  the  observation  volume 
by  the  relation  [1 16] 


G(0)  =  l/(2y/2N) 


(14.6) 


Molecular  mobilities  can  be  measured  over  a  wide  range  of  characteristic  time 
constants  from  «10~    to  10   ms  by  using  this  technique. 

Fluctuation  analysis  is  best  performed  if  the  system  under  observation  is 
restricted  to  very  small  ensembles  and  if  the  background  is  efficiently  suppressed. 
These  can  be  accomplished  by  a  combination  of  very  low  sample  concentrations 
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(^nanomolar)  with  extremely  small  measurements  volumes  (wfemtoliter).  The 
excitation  of  the  fluorophores  can  be  performed  either  with  two  photons  using  a 
pulsed  laser  or  with  one  photon  using  continuous-wave  lasers  [1 15].  In  one-photon 
FCS,  spatial  resolution  is  obtained  with  a  confocal  set-up,  in  which  a  small  pinhole 
inserted  into  the  image  plane  can  reject  the  out-of-focus  fluorescence.  For  two- 
photon  excitation  on  the  other  hand,  simultaneous  (within  w  10~15  s)  absorption 
of  two  lower-energy  photons  of  approximately  twice  the  wavelength  is  required  for  a 
transition  to  the  excited  state.  Mode-locked  lasers  providing  short  pulses  («s  10-1  s) 
with  a  high  repetition  rate  (10  Hz)  can  provide  sufficient  photon  flux  densities  for 
two-photon  processes.  As  the  excitation  probability  is  proportional  to  the  mean 
square  of  the  intensity,  it  results  in  inherent  depth  discrimination.  Additionally, 
two-photon  excitation  improves  the  signal-to-background  ratio  considerably.  As  the 
most  prominent  scattering  came  from  the  incident  light,  which  is  well  separated  in 
wavelength  from  the  induced  fluorescence,  this  makes  it  easy  to  separate  the 
fluorescence  emission  from  the  excitation  light  and  the  scattered  light.  However, 
the  photobleaching  rates  with  two-photon  excitation  are  significantly  enhanced  with 
respect  to  one-photon  excitation  at  comparable  photon-emission  yields  [117]. 

14.4.3    Experimental  Set-Up 

A  schematic  diagram  of  the  method  of  combing  fluorescence  correlation  spectros- 
copy with  the  surface  forces  apparatus  is  shown  in  Fig.  14.12.  The  FCS  portion  of 
the  set-up  consists  of  three  major  parts:  light  source,  microscope  and  data  acquisi- 
tion [110].  A  femtosecond  Ti:sapphire  laser,  which  typically  generates  laser  pulses 
with  full  width  at  half  maximum  (FWHM)  of  100  fs  at  a  repetition  rate  of  80  MHz 
can  be  used  for  the  two-photon  excitation  of  the  fluorophores.  An  inverted  micro- 
scope serves  as  the  operational  platform  for  the  whole  experiment.  The  excitation 
light  is  focused  onto  the  sample  with  an  objective  lens  of  high  N.  A.  and  the  emitted 
light  is  collected  through  the  same  objective  and  is  detected  by  a  photomultiplier 
tube  (PMT)  or  avalanche  photodiode  (APD).  The  photon  counting  output  is 
recorded  by  an  integrated  FCS  data-acquisition  board  and  data  analysis  can  be 
performed  with  commercial  or  home-written  software.  By  introducing  the  laser 
beam  through  the  objective  lens,  a  small  excitation  volume  («  1  fl)  is  generated 
within  the  sample.  The  lateral  dimension  of  the  excitation  spot  is  about  «  0.5  urn, 
which  can  be  determined  by  a  calibration  experiment  using  widely  used  dyes,  such 
as  fluorescein,  whose  diffusion  coefficient  in  water  is  known  to  be  s=s  300  urn  /s. 
The  excitation  power  at  the  sample  needs  to  be  less  than  1  mW  to  avoid  photo- 
bleaching  and  heating  effects  of  the  sample. 

The  modified  surface  forces  apparatus  sat  directly  on  the  microscope  stage.  The 
traditional  crossed-cylindrical  geometry  produced  a  circular  contact  of  parallel 
plates  when  the  crossed  cylinders  were  squeezed  together  such  that  they  flattened 
at  the  apex.  Using  an  inchworm  motor,  separation  of  the  surfaces  can  be  controlled 
from  nanometers  to  millimeters.  To  determine  the  separation  between  the  surfaces, 
the  traditional  silver  sheets  for  interferometric  measurements  of  surface  spacing  in 
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the  SFA  need  to  be  replaced  by  multilayer  dielectric  coatings  [118].  These  multi- 
layers can  be  produced  by  successive  evaporation  of  layers  (typically  13  or  15)  of 
TiOx  and  AI2O3  by  electron-beam  evaporation.  The  optical  thickness  of  each  layer 
was  approximately  1/4  (A  rj  650  nm),  as  determined  by  the  optical  monitor  within 
the  coating  chamber.  The  thickness  of  each  coating  determines  the  windows  of 
reflectivity  and  translucency.  This  approach  can  produce  high  reflectivity  in 
the  region  600-700  nm,  as  well  as  translucent  windows  in  the  region  rs  800  nm 
(to  allow  fluorescence  excitation)  and  400-550  nm  (to  detect  fluorescence).  The 
reflectivity  as  a  function  of  wavelength  is  shown  in  Fig.  14.13  for  the  bare  mica 
surface  and  for  surfaces  with  different  numbers  of  multilayers. 

The  same  set-up  (Fig.  14.14)  with  some  modification  can  be  used  to  probe 
molecular  rotational  diffusion.  In  the  ground  state  fluorophores  are  all  randomly 
oriented.  When  excited  by  polarized  light,  only  those  fluorophores  that  have  their 
dipole  moments  oriented  along  the  electric  vector  of  the  incident  light  are  prefer- 
entially excited.  So  the  excited-state  population  is  not  randomly  oriented,  instead 
there  is  a  larger  number  of  excited  molecules  having  their  transition  moments 
oriented  along  the  polarization  direction  of  the  incident  light.  This  anisotropy  of 
orientation  can  be  determined  by  measuring  the  intensity  of  light  polarized  parallel 
to  the  incident  light  and  perpendicular  to  the  incident  light.  This  preferential 
anisotropy  at  time  zero  decays  due  to  the  rotational  diffusion  of  the  dye  molecule, 
following  an  exponential  law  with  a  characteristic  rotation  time  (t).  As  the  typical 
rotational  time  ranges  from  picoseconds  to  nanoseconds,  the  dynamics  on  much 
smaller  length  scales,  that  of  only  one  or  two  nm,  can  be  investigated  by  this 
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Fig.  14.14  Schematic  diagram  of  the  assembly  used  to  perform  fluorescence  correlation  spec- 
troscopy within  a  surface  forces  apparatus  equipped  for  shear  experiments.  A  miniaturized  surface 
forces  apparatus  sits  on  a  microscope  stage.  A  femtosecond  pulsed  laser  excites  fluorescent  dye 
molecules  within  a  molecularly  thin  liquid  film  contained  between  two  opposed  surfaces  of 
muscovite  mica.  Colored  filter  (A)  to  remove  the  residual  excitation  light  (X  =  800  nm)  from 
the  fluorescence  light  (400-550  nm)  which  is  collected  by  the  single-photon  counting  module  (D). 
Dichroic  mirror  (B)  and  the  objective  lens  (C)  used  to  focus  and  collect  the  light.  An  inchworm 
motor  (E)  controls  the  separation  of  the  surfaces  from  nanometers  up  to  several  micrometers 
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method.  Translational  diffusion  experiments  by  FCS,  on  the  other  hand,  (as  dis- 
cussed in  the  following  sections)  involves  a  large  distance  -  the  probe  molecules 
travel  hundreds  of  nm  into  and  out  of  the  laser  spot  -  to  produce  a  signal.  Therefore, 
it  is  more  sensitive  to  the  global  environment  of  the  molecules. 


14.5     Contrasting  Friction  with  Diffusion  in  Molecularly 
Thin  Films 

In  FCS  experiments,  the  magnitude  of  the  fluctuation  autocorrelation  function 
scales  inversely  with  the  number  of  fluorescent  molecules  in  the  observation 
volume  (14.6).  Large  fluorophore  concentrations  more  than  micromolar  are  not 
efficient  in  FCS,  because  G(0)  eventually  becomes  too  small  for  fluctuation  analy- 
sis. Typical  dye  concentration  for  confined  fluid  experiments  is  kept  at  50  nM. 
A  key  point  for  these  experiments  is  to  find  systems  in  which  adsorption  of  the 
fluorophore  would  not  complicate  the  situation.  In  other  words,  the  fluids  them- 
selves, not  the  fluorophores,  should  be  attracted  preferentially  to  the  confining  solid 
surfaces  [111].  This  point  can  be  verified  by  scanning  the  laser  focus  vertically  from 
within  the  mica,  through  the  surface,  into  the  bulk  fluids,  and  observing  that  there  is  no 
jump  in  fluorescence  counts  as  the  surface  is  crossed.  Finally,  one  needs  to  be  sensitive 
to  the  concern  that,  when  using  fluorophores  to  probe  local  micro-environments, 
micro-environments  might  be  perturbed  by  their  presence.  Therefore,  it  is  essential 
to  perform  normal  and  shear  force  experiments  with  and  without  the  presence  of 
dye  molecules  to  verify  that  these  are  not  affected.  This  section  is  adapted  from 
discussions  in  several  primary  accounts  published  previously  [111]. 

In  SFA  experiments,  a  drop  of  the  fluid  for  study  is  placed  between  the  two  mica 
sheets,  oriented  as  crossed  cylinders  so  that  in  projection  the  geometry  os  a  sphere 
against  a  flat  (Fig.  14. 15).  In  the  study  of  surface  forces,  it  is  well  known  that,  as  surfaces 
separated  by  fluid  are  brought  together,  fluid  drains  smoothly  until  a  thickness  of  5-10 
molecular  dimensions,  at  which  point  the  fluid  supports  stress  owing  to  packing  of 
molecules  at  the  surface  [1].  When  rounded  surfaces  of  this  kind  are  pressed  together, 
separated  by  fluid,  the  curved  surfaces  flatten  at  the  apex  to  form  parallel  plates.  The 
resulting  inhomogeneous  pressure  distribution  over  the  contact  region  is  well  known  in 
the  field  of  tribology.  It  is  approximately  Hertzian;  zero  at  the  edges  of  the  contact  zone 
and,  at  the  center,  3/2  the  mean  value  [1 19].  The  Hertzian  model  is  generally  a  good 
approximation  in  the  absence  of  strongly  attractive  forces. 

Figure  14.16  shows  results  for  two  different  fluid  systems:  (a)  propane  diol 
containing  ss  50  nM  rhodamine  123,  and  (b)  octamethylcyclotetrasiloxane 
(OMCTS),  containing  ss  50  nM  coumarin.  Propane  diol  is  a  low-viscosity  fluid 
(«  0.4  Poise)  with  a  glass-transition  temperature  far  below  room  temperature 
{Tg  =  —  105°C).  The  OMCTS  molecule  is  ring-shaped;  it  is  the  cyclic  tetramer  of 
dimethylsiloxane.  It  has  a  viscosity  much  like  water  («  0.002  Poise)  and  possesses 
the  intriguing  feature  that  it  crystallizes  at  1  atm  near  room  temperature  (Tm  —  17°C), 
thus  enhancing  the  possibility  that  a  confinement-induced  elevation  of  the  melting 
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Fig.  14.15  Optical  transmittance  of  mica  coated  with  a  multilayer  dielectric,  showing  the  feasi- 
bility of  performing  optical  spectroscopies  in  the  region  400-600  nm  while  also  measuring 
surface-surface  separation  by  multiple  beam  interferometry  in  the  region  650-750  nm.  Bare 
mica  {solid  line),  mica  coated  with  seven  layers  of  coating  (dotted  line)  and  with  13  layers 
of  coating  (dash-dot  line).  The  window  of  optical  transmission  is  adjustable  through  variations 
of  multilayer  dielectric.  (Inset)  The  schematic  diagram  of  the  dielectric  coating,  composed  of 
alternate  layers  of  TiOv  and  A1203 


=  20  urn 


Fig.  14.16  (a-b)  Experimental  scheme,  (a)  Crossed-cylinder  configuration.  Droplets  of  fluids 
were  placed  between  crossed  cylinders  of  mica  as  a  drop  and  force  is  applied  in  the  normal 
direction,  causing  the  formation  of  a  circular  area  of  flattened  contact,  (b)  Fluorescence  correlation 
spectroscopy  (FCS)  is  performed  after  compressing  the  films  with  a  mean  normal  pressure  of 
2-3  MPa.  The  sequence  of  smaller  circles  illustrate  that  the  focus  of  the  laser  beam  (diameter 
~  0.5  um)  was  scanned  across  the  contact  (radius  sa  10  urn),  enabling  spatially  resolved  measure- 
ments. After  [111]  with  permission 


temperature  might  be  detected.  There  is  a  long  tradition  of  considering  it  to 
constitute  a  model  system  when  studying  friction  and  surface-induced  structure  of 
nonpolar  confined  fluids  because  numerous  computer  simulations  designed  to 
model  lubrication  have  concerned  particles  of  spherical  shape  [2,  95,  120].  As  the 
typical  size  of  the  contact  area  is  ps  50  um  and  the  size  of  the  laser  spot  is  ss  0.5  urn, 
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it  is  possible  to  scan  the  laser  focus  laterally,  as  sketched  in  Fig.  14.14.  From  time 
series  of  fluctuations  of  the  fluorescence  intensity,  the  intensity-intensity  autocor- 
relation function  can  be  calculated  and  is  plotted  against  logarithmic  time  lag.  From 
Fig.  14.16  it  is  obvious  that  the  characteristic  diffusion  time  increased  with  increas- 
ing proximity  to  the  center  of  the  contact.  Their  physical  meaning  is  to  describe  the 
time  to  diffuse  through  the  spot  of  calibrated  diameter,  «  0.5  urn,  at  which  the 
interrogatory  laser  beam  was  focused.  The  time  scale  of  these  processes,  which  can 
be  estimated  as  the  time  at  which  the  autocorrelation  function  decayed  to  one  half 
of  its  initial  value,  slowed  for  example  from  2  ms  (rhodamine  123  in  bulk  propane 
diol)  to  800  ms  (the  slowest  curve  shown  in  Fig.  14.16a). 

For  quantitative  analysis,  one  can  fit  these  curves  to  the  standard  model  for  two- 
dimensional  Fickian  diffusion  and  assume  a  single  diffusion  process;  the  imperfect 
fits  towards  the  center  of  the  contact  zone  are  discussed  below.  Figure  14.17  shows 
Z)/Z)bulk,  the  relative  diffusion  coefficient,  plotted  against  position  within  the  contact 
on  semi-logarithmic  scales;  the  logarithmic  scale  is  needed  because  the  dependence 
was  so  strong.  Equivalently,  assuming  a  Hertzian  contact-pressure  distribution, 
£>/£>buik  is  plotted  against  relative  pressure  within  the  contact  in  Fig.  14.17  (inset). 
A  separate  control  experiment  in  which  the  bulk  pressure  was  varied  showed  the 
diffusion  in  propane  diol  slowed  by  a  much  smaller  amount,  a  factor  of  only  1.5, 
when  the  pressure  was  raised  to  7  MPa.  Evidently  the  findings  described  in  this 
report  are  significantly  larger  than  those  produced  by  compressibility  of  the  bulk 
fluid  under  isotropic  pressure,  and  a  different  sort  of  explanation  is  needed. 

Postulating  that  Deff  was  proportional  to  a  Boltzmann  factor  in  energy  (AE/kT, 
where  E  is  the  energy,  k  the  Boltzmann  constant,  and  T  the  absolute  temperature, 
which  was  constant),  AE  can  be  regarded  as  the  net  differential  normal  pressure, 
A/?,  times  an  activation  volume,  AVact.  Figure  14.17  (inset)  shows  that  the  data  are 
consistent  with  the  implied  exponential  decrease  of  £)etf  with  p,  in  spite  of  the  fact 
that  p  is  mechanical  pressure  squeezing  the  confined  fluid,  not  the  usual  isotropic 
pressure.  From  the  slope  in  Fig.  14.17,  one  deduces  that  AVact  =15  —  20  nm3.  It  is 
intriguingly  close  to  the  activation  volume  obtained  some  years  ago  from  indepen- 
dent friction  measurements  [122].  In  the  bulk,  by  contrast,  the  activation  volume  for 
diffusion  is  only  ps  0.2  nm3,  the  size  of  a  fluid  molecule.  This  analysis  highlights 
one  of  the  key  conclusions  that  diffusion  appeared  to  involve  cooperative  rearran- 
gements of  many  molecules.  But  this  concept  assumes  a  single  reaction  coordinate 
and  a  fully  equilibrated  homogeneous  system.  Therefore,  it  may  not  seem  physi- 
cally meaningful  to  identify  the  deduced  activation  volume  with  the  lateral  size  of 
cooperatively  rearranging  regions  within  the  confined  films. 

The  inflections  in  the  intensity-intensity  autocorrelation  functions  of  Fig.  14.18 
are  quantitatively  reproducible  on  different  days  with  fresh  samples.  They  refer  to 
the  same  data-acquisition  time,  rs  45  min.  Near  the  edges  of  the  contact  this  time  is 
enough  to  produce  an  autocorrelation  curve  that  conformed  well  to  expectations  for 
a  diffusion  process  with  a  single  diffusion  rate.  But  in  the  same  system,  at  the  same 
film  thickness,  at  the  same  temperature,  and  in  the  same  experiment,  the  autocorre- 
lation curves  deviated  from  this  expectation  more  and  more,  the  higher  the  local 
mechanical  pressure.  The  results  suggest  that  the  system  became  increasingly 
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Fig.  14.17    (a-b) 
Quantification  of  the  effective 
diffusion  coefficients  (Dcff) 
inferred  from  the  raw  data  in 
the  previous  figure,  (a)  The 
ratio,  Dcff/Dbuik.  is  plotted 
against  focus  position,  ajr. 
(b)  The  ratio,  £>eff/£>buik,  is 
plotted  against  relative 
pressure  squeezing  the 
surfaces  together, 
Pt  =  P//>raax(/>raax«4MPa) 
assuming  a  Hertzian  pressure 
distribution.  Open  circles 
(main  figures)  denote 
rhodamine  1 23  in  1 ,2-propane 
diol  (flb„ik  «  8  /j,mz/s). 
Filled  circles  (insets)  denote 
coumarin  153  in  OMCTS 
(Dbulk  ss  190  /mi2/s).  After 
[121]  with  permission 
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heterogeneous  with  increasing  pressure,  so  much  so  that  the  spatial  resolution  of 
this  experiment  sampled  zones  of  slightly  different  dynamical  response.  Molecules 
diffused  at  one  rate  through  a  certain  micro-environment,  then  entered  another. 
Physically,  this  signifies  some  kind  of  long-lived  but  quantitatively  reproducible 
heterogeneity,  which  becomes  increasingly  intense  when  moving  from  the  edges  of 
the  contact  towards  the  center.  To  make  this  more  precise,  it  is  worth  remembering 
that  molecules  in  confined  fluid  films  are  known  to  organize  into  layers  parallel  to  the 
confining  surfaces,  in  which  local  density  differs.  In  this  scenario,  the  multiple  pro- 
cesses suggested  in  the  autocorrelation  curves  signify  that  translational  diffusion  rates 
differed  in  these  layers.  For  example,  for  OMCTS  the  slowest  curve  in  Fig.  14. 18b  can 
be  decomposed  into  sub-processes  with  Deff  =  0.1, 0.7, 2.9,  and  40  urn  /s,  the  average 
being  5.5  um2/s  because  the  slowest  two  processes  had  the  smallest  amplitude  and 
contributed  least.  This  interpretation  is  consistent  with  the  observation  that  the  hetero- 
geneity was  more  pronounced  for  OMCTS  than  for  1,2-propane  diol,  which  is  not 
expected  to  organize  so  definitively  into  distinct  layers.  From  another  perspective, 
these  data  are  qualitatively  reminiscent  of  the  'cage'  slowing  down  observed  in 
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Fig.  14.18  (a-b)  Fluorescence  autocorrelation  functions,  normalized  to  unity,  are  plotted  against 
logarithmic  time  for  rhodamine  123  in  1,2-propane  diol  (a)  and  coumarin  153  in  OMCTS  (b).  The 
focus  was  at  distance  a  from  the  center  of  the  contact  and  the  ratio  x  =  a/r  was  considered,  where 
/•  is  the  contact  radius.  In  panel  (a),  x  «  0.95  (circles),  0.82  (down  triangles),  0.7  (squares),  and  0.6 
(up  triangles).  In  panel  (b),  x  sa  0.95  (circles),  0.8  (up  triangles),  and  0.7  (squares).  Lines  through 
the  autocorrelation  curves  are  the  least-squares  fit  to  a  single  Fickian  diffusion  process.  After  [111] 
with  permission 


autocorrelation  curves  from  dynamic  light  scattering  (DLS)  studies  of  colloidal  glasses 
-  some  kind  of  incipient  but  incomplete  solidification  [  123] .  From  the  available  data 
it  is  difficult  so  far  to  assess  the  relative  importance  of  these  two  scenarios,  but  one 
conclusion  is  firm:  the  scale  of  heterogeneity  must  have  been  impressively  large, 
when  one  considers  that  these  heterogeneities  did  not  average  out  in  spite  of  the  long 
averaging  time  and  the  fact  that  the  laser  beam  spot  («  500-nm  diameter)  exceeded 
the  size  of  the  diffusing  molecules  by  so  much. 

Concerning  the  question  of  how  the  diffusion  of  individual  molecules  is  related 
to  friction,  these  results  suggest  that  the  slit-averaged  retardation  of  diffusion  is 
much  less  than  the  confinement-induced  enhancement  of  effective  viscosity,  which 
is  known  to  be  at  least  6-7  orders  of  magnitude  [94,  95].  However,  the  generality  of 
the  observation  has  been  cast  into  doubt  recently  by  mechanical  experiments,  which 
showed  that  the  solidity  of  molecularly  thin  films  using  mica  as  substrates  depends 
on  a  particular  method  of  surface  preparation  [124].  Mica  recleaved  immediately 
before  an  experiment  to  minimize  potential  exposure  to  airborne  contaminants, 
is  reported  to  produce  very  low  friction  [125].  These  results  are  consistent  with 
the  spectroscopy  experiments,  with  molecular  dynamics  simulation  and  dielectric 
measurements,  none  of  which  had  observed  divergence  of  relaxation  times,  or 
confinement  induced  solidification. 


14.6     Diffusion  of  Confined  Molecules  During  Shear 


In  most  previous  friction  experiments  using  the  traditional  mica  cleaving  proce- 
dure, static  friction  (a  mechanically  solid  state)  was  found  to  give  way,  under 
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sliding,  to  kinetic  friction  (a  mechanically  molten  state)  [126].  The  transition  from 
mechanical  solidity  to  fluidity  has  been  interpreted  to  suggest  a  shear-induced  phase 
transition.  The  premise  was  that,  if  the  hypothesis  of  shear-melting  held,  shear 
should  induce  considerable  quickening  of  the  intensity-intensity  autocorrelation 
function  time  scale  of  the  dye  molecule.  Shear  forces  in  SFA  experiments  are 
generated  by  sliding  the  top  cylindrical  lens,  which  is  suspended  from  the  upper 
portion  of  the  apparatus  by  two  piezoelectric  bimorphs,  mounted  symmetrically  to 
the  two  ends  of  the  mount  (Fig.  14.14).  Shear  forces  were  generated  by  one  of  the 
piezoelectric  bimorphs  (the  "sender"),  and  the  response  of  the  device  induced  a 
voltage  across  the  right-hand  bimorph  (the  "receiver").  A  typical  frequency  range 
is  0.1-256  Hz,  with  shear  displacement  amplitude  of  0.1-10  urn.  These  forces 
were  usually  sinusoidal  in  time  but  sometimes  were  a  triangular  ramp  of  constant 
slope,  for  better  comparison  with  nanotribology  measurements  and  simulations  that 
employed  a  constant  sliding  velocity.  The  triangular  ramp  produced  nearly  constant 
velocity  except  for  a  slight  acceleration  to  prevent  stick-slip.  This  section  is  adapted 
from  discussions  in  several  primary  accounts  published  previously  [121]. 

Figure  14.19  shows  representative  autocorrelation  curves  of  the  fluorescence 
fluctuations.  In  Fig.  14.20,  the  ratio  of  £)eff  during  sliding  to  Deff  at  rest  is  plotted 
against  the  shear  rate;  the  main  figure  shows  the  entire  range  of  shear  rate  and  the 
inset  magnifies  the  regime  of  small  shear  rate.  One  sees  that  shear  speeded  up  this 
measure  of  the  time  scale  of  the  autocorrelation  function  by  less  than  a  factor  of  5  in 


Fig.  14.19  Illustrative  fluorescence  intensity-intensity  autocorrelation  functions,  gn(iz),  normal- 
ized to  unity  at  short  time  and  plotted  against  logarithmic  time  lag  %.  The  thickness  of  the  liquid 
film  was  3.0  ±  0.4  ran  relative  to  air,  corresponding  to  «  3^-  molecular  layers.  The  curves 
compare  diffusion  at  rest  in  the  unconfined  bulk  (circles;  D  =  180  um  /s)  and  at  two  radial 
positions  ("a")  within  the  contact  zone  of  radius  r  ks  25  urn;  air  =  0.7  (triangles)  and  air  =  0.5 
(squares).  These  data  are  taken  at  rest  (open  symbols)  and  while  sliding  (filled  symbols)  at  shear 
rates  of  10  and  10  s_1,  respectively.  Sliding  was  performed  at  1-256  Hz  such  that  it  was 
unidirectional  for  half  the  period  then  reversed  direction,  and  so  on  repetitively;  for  the  data 
shown  here,  it  was  256  and  32  Hz,  respectively.  Lines  through  the  data  for  the  bulk  are  fits  to 
a  single  diffusion  process.  After  [111]  with  permission 
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Fig.  14.20    The  ratio  (\)  of 
the  effective  diffusion 
coefficient  during  sliding 
(defined  in  text)  to  that  at  rest, 
plotted  against  peak  shear 
rate.  The  data  represent  the 
average  of  more  than  30 
experiments,  with  error  bars 
indicated.  The  inset  shows 
the  low-shear  part  of  this  data. 
After  [121]  with  permission 
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every  case  [121].  The  significance  is  that  this  affords  a  direct  (negative)  test  of  the 
common  hypothesis  that  the  transition  from  rest  to  sliding  reflects  shear  melting  that 
is  analogous  to  the  melting  transition  of  a  solid.  The  reason  that  the  autocorrelation 
functions  were  unaffected  by  motion  is  believed  to  be  that  the  fluid  undergoes 
partial  slip  when  the  moving  surface  is  smooth;  the  same  conclusion  follows  from 
friction  measurements  in  similar  systems. 

Taken  together,  these  ultrafast  spectroscopy  experiments  show  that  these  complex 
molecularly  thin  systems  retain  a  high  degree  of  fluidity  at  the  molecular  level. 
While  it  is  true  that  the  structure  factor  of  in-plane  correlation  is  predicted  from 
computer  simulations  to  be  enhanced  relative  to  the  bulk  and  that  the  activation 
volume  for  diffusion  exceeds  that  in  the  bulk  liquid  by  about  three  orders  of 
magnitude,  indicating  a  higher  degree  of  order  than  in  the  bulk  fluid,  shear  does 
not  appear  to  substantially  modify  the  degree  of  fluidity  inferred  by  direct  measure- 
ments of  the  diffusion  of  individual  molecules.  An  agenda  for  future  investigation 
will  be  to  understand  better  the  relationship  between  the  mechanical  friction 
response,  which  is  an  ensemble  average,  and  measurements  such  as  those  presented 
here,  which  refer  to  the  motion  of  individual  molecules. 


14.7     Summary 


We  have  reviewed  some  recent  advances  in  the  experimental  study  of  confined 
fluids.  Some  important  questions  involving  thin  liquid  films  with  broad  applications 
from  biology  to  tribology  have  been  addressed  with  complementary  approaches. 
Surface  and  interfacial  forces  of  liquids  in  intimate  contact  with  surfaces  can  be 
directly  measured  by  SFA,  AFM  and  other  force-based  techniques.  Meanwhile, 
scattering,  microscopic  and  spectroscopic  techniques  combined  with  the  surface 
forces  apparatus  have  been  developed  to  provide  unique  experimental  platforms  in 
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order  to  understand  the  structure,  the  phase  behavior,  and  the  dynamical  responses 
of  fluids  confined  between  surfaces  whose  spacing  becomes  comparable  to  the 
correlation  length  of  short-range  packing,  the  size  of  supramolecular  structures, 
and/or  the  size  of  the  molecules.  Taking  all  the  efforts  together,  the  study  of  fluid 
molecules  in  close  proximity  to  surfaces  and  under  confinement  gets  us  to  the  nitty- 
gritty  of  the  beauty  and  distinction  of  the  nano- world  and  nanotechnology. 
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Chapter  15 

Friction  and  Wear  on  the  Atomic  Scale 


Enrico  Gnecco,  Roland  Bennewitz,  Oliver  Pfeiffer,  Anisoara  Socoliuc, 
and  Ernst  Meyer 


Abstract  Friction  has  long  been  the  subject  of  research:  the  empirical  da  Vinci- 
Amontons  friction  laws  have  been  common  knowledge  for  centuries.  Macroscopic 
experiments  performed  by  the  school  of  Bowden  and  Tabor  revealed  that  macro- 
scopic friction  can  be  related  to  the  collective  action  of  small  asperities.  Over  the 
last  15  years,  experiments  performed  with  the  atomic  force  microscope  have 
provided  new  insights  into  the  physics  of  single  asperities  sliding  over  surfaces. 
This  development,  together  with  the  results  from  complementary  experiments  using 
surface  force  apparatus  and  the  quartz  microbalance,  have  led  to  the  new  field  of 
nanotribology.  At  the  same  time,  increasing  computing  power  has  permitted  the 
simulation  of  processes  that  occur  during  sliding  contact  involving  several 
hundreds  of  atoms.  It  has  become  clear  that  atomic  processes  cannot  be  neglected 
when  interpreting  nanotribology  experiments.  Even  on  well-defined  surfaces, 
experiments  have  revealed  that  atomic  structure  is  directly  linked  to  friction 
force.  This  chapter  will  describe  friction  force  microscopy  experiments  that  reveal, 
more  or  less  directly,  atomic  processes  during  sliding  contact. 

We  will  begin  by  introducing  friction  force  microscopy,  including  the  calibra- 
tion of  cantilever  force  sensors  and  special  aspects  of  the  ultrahigh  vacuum  envi- 
ronment. The  empirical  Tomlinson  model  often  used  to  describe  atomic  stick-slip 
results  is  therefore  presented  in  detail.  We  review  experimental  results  regarding 
atomic  friction,  including  thermal  activation,  velocity  dependence  and  temperature 
dependence.  The  geometry  of  the  contact  is  crucial  to  the  interpretation  of  experi- 
mental results,  such  as  the  calculation  of  the  lateral  contact  stiffness,  as  we  shall  see. 
The  onset  of  wear  on  the  atomic  scale  has  recently  been  studied  experimentally  and 
it  is  described  here.  In  order  to  compare  results,  we  present  molecular  dynamics 
simulations  that  are  directly  related  to  atomic  friction  experiments.  The  chapter 
ends  with  a  discussion  of  dissipation  measurements  performed  in  noncontact  force 
microscopy,  which  may  become  an  important  complementary  tool  for  the  study  of 
mechanical  dissipation  in  nanoscopic  devices. 
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15.1     Friction  Force  Microscopy  in  Ultrahigh  Vacuum 

The  friction  force  microscope  (FFM,  also  called  the  lateral  force  microscope,  LFM) 
exploits  the  interaction  of  a  sharp  tip  sliding  on  a  surface  in  order  to  quantify 
dissipative  processes  down  to  the  atomic  scale  (Fig.  15.1). 


15.1.1     Friction  Force  Microscopy 

The  relative  motion  of  tip  and  surface  is  realized  by  a  scanner  created  from 
piezoelectric  elements,  which  moves  the  surface  perpendicularly  to  the  tip  with  a 
certain  periodicity.  The  scanner  can  be  also  extended  or  retracted  in  order  to  vary 
the  normal  force  FN  that  is  applied  to  the  surface.  This  force  is  responsible  for  the 
deflection  of  the  cantilever  that  supports  the  tip.  If  the  normal  force  FN  increases 
while  scanning  due  to  the  local  slope  of  the  surface,  the  scanner  is  retracted  by  a 
feedback  loop.  On  the  other  hand,  if  FN  decreases,  the  surface  is  brought  closer  to 
the  tip  by  extending  the  scanner.  In  this  way,  the  surface  topography  can  be 
determined  line-by-line  from  the  vertical  displacement  of  the  scanner.  Accurate 
control  of  such  vertical  movement  is  made  possible  by  a  light  beam  reflected  from 
the  rear  of  the  lever  into  a  photodetector.  When  the  cantilever  bends,  the  light  spot 
on  the  detector  moves  up  or  down  and  causes  the  photocurrent  to  vary,  when  in  turn 
triggers  a  corresponding  change  in  the  normal  force  FN  applied. 

The  relative  sliding  of  tip  and  surface  is  usually  also  accompanied  by  friction. 
A  lateral  force  FL,  which  acts  in  the  opposite  direction  to  the  scan  velocity  v  hinders 


Fig.  15.1    Schematic  diagram 
of  a  beam-deflection  friction 
force  microscope 
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the  motion  of  the  tip.  This  force  causes  torsion  in  the  cantilever,  which  can  be 
observed  along  with  the  topography  if  the  photodetector  can  detect  not  only  the 
normal  deflection  but  also  the  lateral  movement  of  the  lever  while  scanning.  In 
practice  this  is  achieved  using  a  four-quadrant  photodetectors,  as  shown  in 
Fig.  15.1.  We  should  note  that  friction  forces  also  cause  lateral  bending  of  the 
cantilever,  but  this  effect  is  negligible  if  the  thickness  of  the  lever  is  much  less  than 
the  width. 

The  FFM  was  first  used  by  Mate  et  al.  in  1987  to  study  the  friction  associated 
with  atomic  features  [1]  (just  one  year  after  Binnig  et  al.  introduced  the  atomic  force 
microscope  [2]).  In  their  experiment,  Mate  used  a  tungsten  wire  and  a  slightly 
different  technique  to  that  described  above  to  detect  lateral  forces  (nonfiber  inter- 
ferometry).  Optical  beam  deflection  was  introduced  later  by  Marti  et  al.  and  Meyer 
et  al.  [3,  4].  Other  methods  of  measuring  the  forces  between  tip  and  surface  include 
capacitance  detection  [5],  dual  fiber  interferometry  [6]  and  piezolevers  [7].  In  the 
first  method,  two  plates  close  to  the  cantilever  reveal  the  capacitance  while  scan- 
ning. The  second  technique  uses  two  optical  fibers  to  detect  the  cantilever  deflection 
along  two  orthogonal  directions  aligned  45°  with  respect  to  the  surface  normal. 
Finally,  in  the  third  method,  cantilevers  with  two  Wheatstone  bridges  at  their  bases 
reveal  normal  and  lateral  forces,  which  are  respectively  proportional  to  the  sum  and 
the  difference  of  both  bridge  signals. 


15.1.2    Force  Calibration 

Force  calibration  is  relatively  simple  if  rectangular  cantilevers  are  used.  Due  to 
possible  discrepancies  with  the  geometric  values  provided  by  manufacturers,  one 
should  use  optical  and  electron  microscopes  to  determine  the  width,  thickness  and 
length  of  the  cantilever  (w,  t,  I),  the  tip  height  h  and  the  position  of  the  tip  with 
respect  to  the  cantilever.  The  thickness  of  the  cantilever  can  also  be  determined 
from  the  resonance  frequency  of  the  lever  f0  using  the  relation  [8] 


2VT2~7r    fp  j,   , 


1.8752  V  E 


fol-  (15.1) 


Here  p  is  the  density  of  the  cantilever  and  E  is  its  Young's  modulus.  The  normal 
spring  constant  (cN)  and  the  lateral  spring  constant  (tL)  of  the  lever  are  given  by 

Ewt3  GwP  „^„N 

CN  =  ^>      Cl  =  W  (15-2) 


where  G  is  the  shear  modulus.  Figure  15.2  shows  some  SEM  images  of  rectangular 
silicon  cantilevers  used  for  FFM.  In  the  case  c 
E  =  1.69  x  1011  N/m2  and  G  =  0.5  x  1011  N/i 
in  Fig.  15.2,  cN  =  1.9  N/m  and  cL  =  675  N/m. 


silicon  cantilevers  used  for  FFM.  In  the  case  of  silicon,  p  =  2.33  x  10~  kg/m  , 
E  =  1.69  x  1011  N/m2  and  G  =  0.5  x  1011  N/m2.  Thus,  for  the  cantilever  shown 
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|                                 t 

Top-view 

A 

Side-view 

A 

Fig.  15.2  SEM  images  of  a  rectangular  cantilever.  The  relevant  dimensions  are  /  =  445  um, 
w  —  43  um,  t  =  4.5  um,  h  =  14.75  um.  Note  that  h  is  given  by  the  sum  of  the  tip  height  and  half 
of  the  cantilever  thickness  (after  [9]) 


Fig.  15.3    Sketch  of  a  typical 
force  versus  distance  curve 


The  next  force  calibration  step  consists  of  measuring  the  sensitivity  of  the 
photodetector  S:  (nm/V).  For  beam-deflection  FFMs,  the  sensitivity  Sz  can  be 
determined  by  force  versus  distance  curves  measured  on  hard  surfaces  (such  as 
AI2O3),  where  elastic  deformations  are  negligible  and  the  vertical  movement  of 
the  scanner  equals  the  deflection  of  the  cantilever.  A  typical  relation  between  the 
difference  between  the  vertical  signals  on  the  four-quadrant  detector  VN  and  the 
distance  from  the  surface  (z)  is  sketched  in  Fig.  15.3.  When  the  tip  is  approached,  no 
signal  is  revealed  until  the  tip  jumps  into  contact  at  z  =  z\.  Further  extension  or 
retraction  of  the  scanner  results  in  elastic  behavior  until  the  tip  jumps  out  of  contact 
again  at  a  distance  z2  >  Z\.  The  slope  of  the  elastic  part  of  the  curve  gives  the 
required  sensitivity  S:. 

The  normal  and  lateral  forces  are  related  to  the  voltage  VN,  and  the  difference 
between  the  horizontal  signals  VL  as  follows 


Fn  —  CnWn,     Fl  —  xC'ltSzVl. 


(15.3) 


It  is  assumed  here  that  the  light  beam  is  positioned  above  the  probing  tip. 
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The  normal  spring  constant  cN  can  also  be  calibrated  using  other  methods. 
Cleveland  et  al.  [10]  attached  tungsten  spheres  to  the  tip,  which  changes  the 
resonance  frequency  fQ  according  to  the  formula 


/o 


1 

2re 


t'N 


M 


(15.4) 


M  is  the  mass  of  the  added  object,  and  m*  is  an  effective  mass  of  the  cantilever, 
which  depends  on  its  geometry  [10].  The  spring  constant  can  be  extrapolated  from 
the  frequency  shifts  corresponding  to  the  different  masses  attached. 

As  an  alternative,  Hutter  et  al.  observed  that  the  spring  constant  cN  can  be  related 
to  the  area  of  the  power  spectrum  of  the  thermal  fluctuations  of  the  cantilever 
P  [11].  The  correct  relation  is  cN  =  4kBT/(3P),  where  kB  rj  1.38  X  10"23  J/K  is 
Boltzmann's  constant  and  Tis  the  temperature  [12]. 

Cantilevers  with  different  shapes  require  finite  element  analysis,  although 
analytical  formulas  can  be  derived  in  a  few  cases.  For  V-shaped  cantilevers, 
Neumeister  et  al.  derived  the  following  approximation  for  the  lateral  spring  con- 
stant Cl  [13] 


Et3 


C'L 


x(J-ln- 


L  cos  a      3  sin  2a 


3(l  +  v)h2       \tana      fifsina 


(15.5) 


The  geometrical  quantities  L,  w,  a,  d,  t  and  h  are  defined  in  Fig.  15.4.  The 
expression  for  the  normal  constant  is  more  complex  and  can  be  found  in  the  cited 
reference. 

Surfaces  with  well-defined  profiles  permit  an  alternative  in  situ  calibration  of 
lateral  forces  [14].  We  present  a  slightly  modified  version  of  the  method  [15]. 
Figure  15.5  shows  a  commercial  grating  formed  by  alternate  faces  with  opposite 
inclinations  with  respect  to  the  scan  direction.  When  the  tip  slides  on  the  inclined 


Fig.  15.4    Geometry  of  a  V- 
shaped  cantilever  (after  [13]) 
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Fig.  15.5    Silicon  grating 
formed  by  alternated  faces 
angled  at  ±  55°  from  the 
surface  ((C)  Silicon-MDT 
Ltd.,  Moscow) 


Fig.  15.6  (a)  Forces  acting  on  a  FFM  tip  sliding  on  the  grating  shown  in  Fig.  15.5;  (b)  friction 
loops  acquired  on  the  two  faces 

planes,  the  normal  force  FN  and  the  lateral  force  FL  with  respect  to  the  surface  are 
different  from  the  two  components  F±  and  Fn,  which  are  separated  by  the  photodiode 
(Fig.  15.6a). 

If  the  linear  relation  FL  =  fiFN  holds  (Sect.  15.5),  the  component  F»  can  be 
expressed  in  terms  of  Fx 


/.( +  tan  0 
1  —  jU  tan  6 


(15.6) 


The  component  F±  is  kept  constant  by  the  feedback  loop.  The  sum  of  and  the 
difference  between  the  Fii  values  for  the  two  planes  (1)  and  (2)  are  given  by 


F, 
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(i) 


7(2)  . 


2/i(l  +  tan20) 
1  -  n2  tan2  6 

2(1+Ju2)tan0. 
1  -  ji2  tan2  0 


(15.7) 
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The  values  of  F+  and  F_  (in  volts)  can  be  measured  by  scanning  the  profile  back  and 
forth  (Fig.  15.6b).  If  F+  and  F_  are  recorded  with  different  values  of  F±,  one  can 
determine  the  conversion  ratio  between  volts  and  nanonewtons  as  well  as  the 
coefficient  of  friction  /,(. 

An  accurate  error  analysis  of  lateral  force  calibration  was  provided  by  Schwarz 
et  al.,  who  revealed  the  importance  of  the  cantilever  oscillations  induced  by  the 
feedback  loop  and  the  so-called  pull-off  force  (Sect.  15.5)  in  friction  measurements, 
aside  from  the  geometrical  positioning  of  the  cantilevers  and  laser  beams  [16]. 
Other  sources  of  error  (in-plane  deformation  and  cantilever  tilt)  have  been  recently 
discussed  by  Sader  and  coworkers  [17,  18]. 

An  adequate  estimation  of  the  radius  of  curvature  of  the  tip  R  is  also  important 
for  some  applications  (Sect.  15.5.2).  This  quantity  can  be  evaluated  with  a  scanning 
electron  microscope.  This  allows  well-defined  structures  such  as  step  sites  [19,  20] 
or  whiskers  [21]  to  be  imaged.  Images  of  these  high  aspect  ratio  structures  are 
convolutions  with  the  tip  structure.  A  deconvolution  algorithm  that  allows  for  the 
extraction  of  the  probe  tip's  radius  of  curvature  was  suggested  by  Villarrubia  [22], 


15.1.3     The  Ultrahigh  Vacuum  Environment 

Atomic  friction  studies  require  well-defined  surfaces  and  -  whenever  possible  - 
tips.  For  the  surfaces,  established  methods  of  surface  science  performed  in  ultra- 
high vacuum  (UHV)  can  be  employed.  Ionic  crystals  such  as  NaCl  have  become 
standard  materials  for  friction  force  microscopy  on  the  atomic  scale.  Atomically 
clean  and  flat  surfaces  can  be  prepared  by  cleavage  in  UHV.  The  crystal  has  to  be 
heated  to  «150°C  for  1  h  in  order  to  remove  charge  after  the  cleavage  process. 
Metal  surfaces  can  be  cleaned  and  flattened  by  cycles  of  sputtering  with  argon  ions 
and  annealing.  Even  surfaces  prepared  in  air  or  liquids,  such  as  self-assembled 
molecular  monolayers,  can  be  transferred  into  the  vacuum  and  studied  after  careful 
heating  procedures  that  remove  water  layers. 

Tip  preparation  in  UHV  is  more  difficult.  Most  force  sensors  for  friction  studies 
have  silicon  nitride  or  pure  silicon  tips.  Tips  can  be  cleaned  and  oxide  layers 
removed  by  sputtering  with  argon  ions.  However,  the  sharpness  of  the  tip  is 
normally  reduced  by  sputtering.  As  an  alternative,  tips  can  be  etched  in  fluoric 
acid  directly  before  transfer  to  the  UHV.  The  significance  of  tip  preparation  is 
limited  by  the  fact  that  the  chemical  and  geometrical  structure  of  the  tip  can 
undergo  significant  changes  when  sliding  over  the  surface. 

Using  the  friction  force  microscope  in  UHV  conditions  requires  some  additional 
effort.  First  of  all,  only  materials  with  low  vapor  pressures  can  be  used,  which 
excludes  most  plastics  and  lubricants.  Beam-deflection  force  microscopes  employ 
either  a  light  source  in  the  vacuum  chamber  or  an  optical  fiber  guiding  the  light  into 
the  chamber.  The  positioning  of  the  light  beam  on  the  cantilever  and  the  reflected 
beam  on  the  position-sensitive  detector  is  achieved  by  motorized  mirrors  [23]  or 


250 


E.  Gnecco  et  al. 


by  moving  the  light  source  or  detector  [24].  Furthermore,  a  motorized  sample 
approach  must  be  realized. 

The  quality  of  the  force  sensor's  electrical  signal  can  seriously  deteriorate  when 
it  is  transferred  out  of  the  vacuum  chamber.  Low  noise  and  high  bandwidth  can  be 
preserved  using  a  preamplifier  in  the  vacuum.  Again,  the  choice  of  materials  for 
printing  and  devices  is  limited  by  the  need  for  low  vapor  pressure.  Stronger  heating 
of  the  electrical  circuitry  in  vacuum,  therefore,  may  be  needed. 


15.1.4    A  Typical  Microscope  Operated  in  UHV 


A  typical  AFM  used  in  UHV  is  shown  in  Fig.  15.7.  The  housing  (1)  contains  the 
light  source  and  a  set  of  lenses  that  focus  the  light  onto  the  cantilever.  Alternatively, 
the  light  can  be  guided  via  an  optical  fiber  into  the  vacuum.  By  using  light  emitting 
diodes  with  low  coherency  it  is  possible  to  avoid  interference  effects  often  found  in 
instruments  that  use  a  laser  as  the  light  source.  A  plane  mirror  fixed  on  the  spherical 
rotor  of  a  first  stepping  motor  (2)  can  be  rotated  around  vertical  and  horizontal  axes 
in  order  to  guide  the  light  beam  onto  the  rear  of  the  cantilever,  which  is  mounted  on 
a  removable  carrier  plate  (3).  The  light  is  reflected  off  the  cantilever  toward  a 
second  motorized  mirror  (4)  that  guides  the  beam  to  the  center  of  the  quadrant 
photodiode  (5),  where  the  light  is  then  converted  into  four  photocurrents.  Four 
preamplifiers  in  close  vicinity  to  the  photodiode  allow  low-noise  measurements 
with  a  bandwidth  of  3  MHz. 

The  two  motors  with  spherical  rotors,  used  to  realign  the  light  path  after  the 
cantilever  has  been  exchanged,  work  as  inertial  stepping  motors:  the  sphere  rests  on 


Fig.  15.7    Schematic  view  of 

the  UHV-AVM  realized  at  the 

University  of  Basel  (after 

[23])  (1  -  light  source, 

2,  4  -  mirrors,  3  -  cantilever 

holders,  5  -  photodetector, 

6  -  scanner,  7  -  slider, 

8  -  driving  piezo,  9  -  fixed 

post,  10,  1 1  -  eddy  current 

damping) 
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three  piezoelectric  legs  that  can  be  moved  in  small  amounts  tangentially  to  the 
sphere.  Each  step  of  the  motor  consists  of  the  slow  forward  motion  of  two  legs 
followed  by  an  abrupt  jump  backwards.  During  the  slow  forward  motion,  the  sphere 
follows  the  legs  due  to  friction,  whereas  it  cannot  follow  the  sudden  jump  due  to  its 
inertia.  A  series  of  these  tiny  steps  rotates  the  sphere  macroscopically. 

The  sample,  which  is  also  placed  on  an  exchangeable  carrier  plate,  is  mounted  at 
the  end  of  a  tube  scanner  (6),  which  can  move  the  sample  in  three  dimensions  over 
several  micrometers.  The  whole  scanning  head  (7)  is  the  slider  of  a  third  inertial 
stepping  motor  for  coarse  positioning  of  the  sample.  It  rests  with  its  flat  and  polished 
bottom  on  three  supports.  Two  of  them  are  symmetrically  placed  piezoelectric  legs 
(8),  whereas  the  third  central  support  is  passive.  The  slider  (7)  can  be  moved  in  two 
dimensions  and  rotated  about  a  vertical  axis  by  several  millimeters  (rotation  is 
achieved  by  antiparallel  operation  of  the  two  legs).  The  slider  is  held  down  by  two 
magnets,  close  to  the  active  supports,  and  its  travel  is  limited  by  two  fixed  posts  (9) 
that  also  serve  as  cable  attachments.  The  whole  platform  is  suspended  by  four 
springs.  A  ring  of  radial  copper  lamellae  (10),  floating  between  a  ring  of  permanent 
magnets  (11)  on  the  base  flange,  acts  to  efficiently  damp  eddy  currents. 


15.2     The  Tomlinson  Model 

In  Sect.  15.3,  we  show  that  the  FFM  can  reveal  friction  forces  down  to  the  atomic 
scale,  which  are  characterized  by  a  typical  sawtooth  pattern.  This  phenomenon  can 
be  seen  as  a  consequence  of  a  stick-slip  mechanism,  discussed  by  Tomlinson  in 
1929  [25]. 


15.2.1     One-Dimensional  Tomlinson  Model 

In  the  Tomlinson  model,  the  motion  of  the  tip  is  influenced  by  both  the  interaction 
with  the  atomic  lattice  of  the  surface  and  the  elastic  deformations  of  the  cantilever. 
The  shape  of  the  tip-surface  potential  V{r)  depends  on  several  factors,  such  as  the 
chemical  composition  of  the  materials  in  contact  and  the  atomic  arrangement  at 
the  tip  end.  For  the  sake  of  simplicity,  we  will  start  the  analysis  in  the  one- 
dimensional  case  considering  a  sinusoidal  profile  with  an  atomic  lattice  periodicity 
a  and  a  peak-to-peak  amplitude  E0.  In  Sect.  15.5,  we  will  show  how  the  elasticity  of 
the  cantilever  and  the  contact  area  can  be  described  in  a  unique  framework  by 
introducing  an  effective  lateral  spring  constant  kefi.  If  the  cantilever  moves  with  a 
constant  velocity  v  along  the  x-direction,  the  total  energy  of  the  system  is 

Etot(x,t)  =  -y  cos h  -kes(yt  -  xf .  (15.8) 
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Fig.  15.8    Energy  profile 
experienced  by  the  FFM  tip 
(black  circle)  at  t  =  0  (dotted 
line)  and  t  =  t*  (continuous 
line) 


t  =  0  '•..•*■■■ 


Figure  15.8  shows  the  energy  profile  Etot(x,  t)  at  two  different  instants.  When 
t  =  0,  the  tip  is  localized  in  the  absolute  minimum  of  £tot.  This  minimum  increases 
with  time  due  to  the  cantilever  motion,  until  the  tip  position  becomes  unstable  when 
t  =  t*. 

At  a  given  time  t,  the  position  of  the  tip  can  be  determined  by  equating  the  first 
derivative  of  £tot(x,  t)  with  respect  to  x  to  zero 

dEtot      kEq    .    2nx 

-^—  = sin kee  (vt  -  x)  =  0.  (15.9) 

ox  a  a 

The  critical  position  x*  corresponding  to  t  =  t*  is  determined  by  equating  the 
second  derivative  d2Etol(x,  t)/dx2  to  zero,  which  gives 

2n2E0 
keffaz 

The  coefficient  y  compares  the  strength  of  the  interaction  between  the  tip  and  the 
surface  with  the  stiffness  of  the  system.  When  t  =  t*  the  tip  suddenly  jumps  into  the 
next  minimum  of  the  potential  profile.  The  lateral  force  F  —  kety(vt  —  x*)  that 
induces  the  jump  can  be  evaluated  from  (15.9)  and  (15.10) 
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Thus  the  stick-slip  is  observed  only  if  y  >  1 :  when  the  system  is  not  too  stiff  or 
when  the  tip-surface  interaction  is  strong  enough.  Figure  15.9  shows  the  lateral 
force  FL  as  a  function  of  the  cantilever  position  X.  When  the  cantilever  is  moved  to 
the  right,  the  lower  part  of  the  curve  in  Fig.  1 5 .9  is  obtained.  If,  at  a  certain  point,  the 
cantilever's  direction  of  motion  is  suddenly  inverted,  the  force  has  the  profile 
shown  in  the  upper  part  of  the  curve.  The  area  of  the  friction  loop  obtained  by 
scanning  back  and  forth  gives  the  total  energy  dissipated. 

On  the  other  hand,  when  y  <  1,  the  stick-slip  is  suppressed.  The  tip  slides  in  a 
continuous  way  on  the  surface  and  the  lateral  force  oscillates  between  negative 
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and  positive  values.  Instabilities  vanish  in  this  regime,  which  leads  to  the  disap- 
pearance of  lateral  force  hysteresis  and  correspondingly  negligible  dissipation 
losses. 


15.2.2     Two-Dimensional  Tomlinson  Model 


In  two  dimensions,  the  energy  of  our  system  is  given  by 


Etot(r,t)  =  U(r)+k-f(vt-r)2, 


(15.12) 


where  r  =  (x,  y)  and  v  is  arbitrarily  oriented  on  the  surface  (note  that  v  ^  dr/df!). 
Figure  15.10  shows  the  total  energy  corresponding  to  a  periodic  potential  of  the 
form 


Eq  (       2%x  2ny\  2%x        2ny 

U(x,  y,t)  = cos h  cos +  Ei  cos cos . 

2   \         a  a  J  a  a 


(15.13) 


The  equilibrium  condition  becomes 

VEM(r,  t)  =  VU{r)  +  keff(r  -  vt)  =  0. 


(15.14) 


Fig.  15.9    Friction  loop 
obtained  by  scanning  back 
and  forth  in  the  1  -D 
Tomlinson  model.  The 
effective  spring  constant  keif 
is  the  slope  of  the  sticking 
part  of  the  loop  (if  y  2>  1 ) 


Fig.  15.10    Energy  landscape 
experienced  by  the  FFM  tip 
in2-D 
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Fig.  15.11  Regions  on  the  tip 
plane  labeled  according  to  the 
signs  of  the  eigenvalues  of  the 
Hessian  matrix  (after  [26]) 


The  stability  of  the  equilibrium  can  be  described  by  introducing  the  Hessian  matrix 

d2U  \ 

(15.15) 


H 


(d2U 
dx2 

d2u 


\  dydx 


dxdy 
82U 


*eff 


When  both  eigenvalues  212  of  the  Hessian  are  positive,  the  position  of  the  tip  is 
stable.  Figure  15.11  shows  these  regions  for  a  potential  of  the  form  (15.13).  The  tip 
follows  the  cantilever  adiabatically  as  long  as  it  remains  in  the  (++)-region.  When 
the  tip  is  dragged  to  the  border  of  the  region,  it  suddenly  jumps  into  the  next  (++)- 
region.  A  comparison  between  a  theoretical  friction  map  deduced  from  the  2-D 
Tomlinson  model  and  an  experimental  map  acquired  by  UHV-FFM  is  given  in  the 
next  section. 


15.2.3    Friction  Between  Atomically  Flat  Surfaces 


So  far  we  have  implicitly  assumed  that  the  tip  is  terminated  by  only  one  atom.  It  is 
also  instructive  to  consider  the  case  of  a  periodic  surface  sliding  on  another  periodic 
surface.  In  the  Frenkel-Kontorova-Tomlinson  (FKT)  model,  the  atoms  of  one 
surface  are  harmonically  coupled  with  their  nearest  neighbors.  We  will  restrict 
ourselves  to  the  case  of  quadratic  symmetries,  with  lattice  constants  aY  and  a2  for 
the  upper  and  lower  surfaces,  respectively  (Fig.  15.12).  In  this  context,  the  role  of 
commensurability  is  essential.  It  is  well  known  that  any  real  number  z  can  be 
represented  as  a  continued  fraction 


N0  + 


M 


1 


N2-{ 


(15.16) 
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Fig.  15.12    The  FKT  model 
in  2-D  (after  [27]) 


Fig.  15.13    Friction  as  a 
function  of  the  sliding  angle 
ip  in  the  2-D  FKT  model 
(after  [27]) 


120 


The  sequence  that  converges  most  slowly  is  obtained  when  all  N, ■  =  1,  which 
corresponds  to  the  golden  mean  z  —  (V5  —  l)/2.  In  1-D,  Weiss  and  Elmer  pre- 
dicted that  friction  should  decrease  with  decreasing  commensurability,  the  mini- 
mum friction  being  reached  when  01/02  =  z  [28]. 

In  2-D,  Gyalog  and  Thomas  studied  the  case  ax  =  a2,  with  a  misalignment 
between  the  two  lattices  given  by  an  angle  0  [27].  When  the  sliding  direction 
changes,  friction  also  varies  from  a  minimum  value  (corresponding  to  the  sliding 
angle  <p  —  0/2)  to  a  maximum  value  (which  is  reached  when  ip  —  0/2  +  n/A;  see 
Fig.  15.13).  The  misfit  angle  0  is  related  to  the  commensurability.  Since  the  misfit 
angles  that  give  rise  to  commensurate  structure  form  a  dense  subset,  the  dependence 
of  friction  on  0  should  be  discontinuous.  The  numerical  simulations  performed  by 
Gyalog  are  in  agreement  with  this  conclusion.  The  role  of  intrabulk  elastic  forces 
has  been  considered  in  a  scaling  study  by  Miiser  [29],  where  the  symmetry  of  the 
surfaces  and  the  dimensionalities  of  interface  and  solids  have  been  found  to  play  a 
crucial  role. 


15.3     Friction  Experiments  on  the  Atomic  Scale 


Figure  15.14  shows  the  first  atomic-scale  friction  map,  as  observed  by  Mate.  The 
periodicity  of  the  lateral  force  is  the  same  as  that  of  the  atomic  lattice  of  graphite. 
The  series  of  friction  loops  in  Fig.  15.15  reveals  the  stick-slip  effect  discussed  in 
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Fig.  15.14    First  atomic 
friction  map  acquired  on 
graphite  with  a  normal  force 
FN  =  56  u.N.  Frame  size: 
2  nm  (after  [1]) 
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Fig.  15.15  Friction  loops  on  graphite  acquired  with  (a)  FN  =  7.5  uN,  (b)  24  u,N  and  (c)  75  pN 
(after  [1]) 

the  previous  section.  The  applied  loads  are  in  the  range  of  tens  of  u.N.  According  to 
the  continuum  models  discussed  in  Sect.  15.5,  these  values  correspond  to  contact 
diameters  of  100  nm.  A  possible  explanation  for  the  atomic  features  observed  at 
such  high  loads  is  that  graphite  flakes  may  have  detached  from  the  surface  and 
adhered  to  the  tip  [30].  Another  explanation  is  that  the  contact  between  tip  and 
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Fig.  15.16    Load  dependence 
of  friction  on  graphite 
(after  [1]) 
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surface  consisted  of  few  nm-scale  asperities  and  that  the  corrugation  was  not 
entirely  averaged  out  while  sliding.  The  load  dependence  of  friction  as  found  by 
Mate  is  rather  linear,  with  a  small  friction  coefficient  ji  —  0.01  (Fig.  15.16). 

The  UHV  environment  reduces  the  influence  of  contaminants  on  the  surface  and 
leads  to  more  precise  and  reproducible  results.  Meyer  et  al.  [31]  obtained  a  series  of 
interesting  results  on  ionic  crystals  using  the  UHV-FFM  apparatus  described  in  Sect. 
15. 1 .4.  By  applying  subnanonewton  loads  to  a  NaCl  surface,  Socoliuc  et  al.  observed 
the  transition  from  stick-slip  to  continuous  sliding  discussed  in  Sect.  15.2.1  [32], 
In  another  experiment,  the  same  group  observed  that  the  transition  could  also  be 
induced  dynamically  by  superimposed  oscillations  of  the  applied  load  at  the  contact 
resonance  [33].  In  Fig.  15. 17,  a  friction  map  recorded  on  KBr(100)  is  compared  with 
a  theoretical  map  obtained  with  the  2-D  Tomlinson  model.  The  periodicity  a  =  0.47  nm 
corresponds  to  the  spacing  between  equally  charged  ions.  No  individual  defects 
were  observed.  One  possible  reason  is  that  the  contact  realized  by  the  FFM  tip  is 
always  formed  by  many  atoms,  which  superimpose  and  average  their  effects. 
Molecular  dynamics  (MD)  calculations  (Sect.  15.7)  show  that  even  single-atom 
contact  may  cause  rather  large  stresses  in  the  sample,  which  lead  to  the  motion  of 
defects  far  away  from  the  contact  area.  However,  this  seems  to  be  not  the  case  when 
ultrathin  films  of  ionic  crystals  are  epitaxially  grown  on  a  different  species.  Indeed, 
high  resolution  FFM  images  of  stable  defects  across  a  KBr/NaCl  interface  have  been 
recently  reported  by  Maier  and  coworkers  [35].  The  duration  of  slip  events  was  the 
main  topic  of  another  study  on  KBr  [36].  Here,  the  broad  time  distribution  experi- 
mentally observed  was  attributed  to  the  atomistic  structure  of  the  contact  area,  in 
agreement  with  a  multispring  model  of  the  tip-surface  interface. 
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Fig.  15.17  (a)  Measured  and 
(b)  theoretical  friction  map  on 
KBr(lOO)  (after  [34]) 
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Liithi  et  al.  [37]  even  detected  atomic-scale  friction  on  a  reconstructed  Si(lll)- 
7x7  surface.  However,  uncoated  Si  tips  and  tips  coated  with  Pt,  Au,  Ag,  Cr  and  Pt/C 
damaged  the  sample  irreversibly,  and  the  observation  of  atomic  features  was  achieved 
only  after  coating  the  tips  with  polytetrafluoroethylene  (PTFE),  which  has  lubricant 
properties  and  does  not  react  with  the  dangling  bonds  of  Si(l  1 1)-7  x  7  (Fig.  15.18). 

Friction  has  been  resolved  on  the  atomic  scale  even  on  metallic  surfaces  in  UHV. 
In  Fig.  15.19  reproducible  stick-slip  process  on  Cu(lll)  is  shown.  Current  mea- 
surements performed  at  the  same  time  suggested  that  the  AFM  tip  was  covered  by 
copper  atoms.  More  recently,  the  Cu(100)  surface  has  also  revealed  regular  atomic 
stick-slip  [39],  despite  previous  theoretical  and  experimental  observations  sug- 
gested that  the  atomic  packing  of  this  surface  is  prone  to  be  worn  off  by  the  tip. 
Sliding  on  the  (100)  surface  of  copper  produced  irregular  patterns,  although  atomic 
features  were  recognized  even  in  this  case  [38].  Molecular  dynamics  suggests  that 
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Fig.  15.18    (a)  Topography 
and  (b)  friction  image  of 
Si(l  1 1)7  x  7  measured  with 
a  PTFE-coated  Si  tip 
(after  [37]) 


Fig.  15.19    Friction  images 
of  Cu(l  1 1).  Frame  size:  3  nm 
(after  [38]) 


wear  should  occur  more  easily  on  the  Cu(100)  surface  than  on  the  close-packed 
Cu(lll)  (Sect.  15.7).  This  conclusion  was  achieved  by  adopting  copper  tips  in 
computer  simulations.  The  assumption  that  the  FFM  tip  used  in  the  experiments 
was  covered  by  copper  is  supported  by  current  measurements  performed  at  the 
same  time. 

Atomic  stick-slip  on  diamond  was  observed  by  Germann  et  al.  with  an  apposite 
diamond  tip  prepared  by  chemical  vapor  deposition  [40]  and,  a  few  years  later,  by 
van  der  Oetelaar  et  al.  [41]  with  standard  silicon  tips.  The  values  of  friction  vary 
dramatically  depending  on  the  presence  or  absence  of  hydrogen  on  the  surface. 

Fujisawa  et  al.  [42]  measured  friction  on  mica  and  on  M0S2  with  a  2-D  FFM 
apparatus  that  could  also  reveal  forces  perpendicular  to  the  scan  direction.  The 
features  in  Fig.  15.20  correspond  to  a  zigzag  tip  walk,  which  is  predicted  by  the  2-D 
Tomlinson  model  [43].  Two-dimensional  stick-slip  on  NaF  was  detected  with 
normal  forces  <14  nN,  whereas  loads  of  up  to  10  uN  could  be  applied  to  layered 
materials.  The  contact  between  tip  and  NaF  was  thus  formed  by  one  or  a  few  atoms. 
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Fig.  15.20    (a)  Friction  force  on  MoS2  acquired  by  scanning  along  the  cantilever  and  (b)  across 
the  cantilever,  (c)  Motion  of  the  tip  on  the  sample  (after  [42]) 

A  zigzag  walk  on  mica  was  also  observed  by  Kawakatsu  et  al.  using  an  original  2-D 
FFM  with  two  laser  beams  and  two  quadrant  photodetectors  [44]. 


15.3.1    Anisotropy  of  Friction 


The  importance  of  the  misfit  angle  in  the  reciprocal  sliding  of  two  flat  surfaces  was 
first  observed  experimentally  by  Hirano  et  al.  in  the  contact  of  two  mica  sheets  [45]. 
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Fig.  15.21    Friction  images 
of  a  thiolipid  monolayer  on  a 
mica  surface.  In  (b)  the 
sample  is  rotated  by  70°  with 
respect  to  (a)  (after  [50]) 


The  friction  increased  when  the  two  surfaces  formed  commensurate  structures,  in 
agreement  with  the  discussion  in  Sect.  15.2.3.  In  more  recent  measurements  with  a 
monocrystalline  tungsten  tip  on  Si(001),  Hirano  et  al.  observed  superlubricity  in 
the  incommensurate  case  [46]. 

Overney  et  al.  [47]  studied  the  effects  of  friction  anisotropy  on  a  bilayer  lipid 
film.  In  this  case,  different  molecular  alignments  resulted  in  significant  variations 
in  the  friction.  Other  measurements  of  friction  anisotropy  on  single  crystals  of 
stearic  acid  were  reported  by  Takano  and  Fujihira  [48].  An  impressive  confirma- 
tion of  this  effect  recently  came  from  a  dedicated  force  microscope  developed  by 
Frenken  and  coworkers,  the  Tribolever,  which  allows  quantitative  tracking  of  the 
scanning  force  in  three  dimensions  [49].  With  this  instrument,  a  flake  from  a 
graphite  surface  was  picked  up  and  the  lateral  forces  between  the  flake  and  the 
surface  were  measured  at  different  angles  of  rotation.  Stick-slip  and  energy 
dissipation  were  only  clearly  revealed  at  rotation  angles  of  0  and  60°,  when  the 
two  lattices  are  in  registry. 

Liley  et  al.  [50]  observed  flower-shaped  islands  of  a  lipid  monolayer  on  mica, 
which  consisted  of  domains  with  different  molecular  orientations  (Fig.  15.21).  The 
angular  dependence  of  friction  reflects  the  tilt  direction  of  the  alkyl  chains  of  the 
monolayer,  as  revealed  by  other  techniques. 

Liithi  et  al.  [51]  used  the  FFM  tip  to  move  Cgo  islands,  which  slide  on  sodium 
chloride  in  UHV  without  disruption  (Fig.  15.22).  In  this  experiment  the  friction  was 
found  to  be  independent  of  the  sliding  direction.  This  was  not  the  case  in  other 
experiments  performed  by  Sheehan  and  Lieber,  who  observed  that  the  misfit  angle 
is  relevant  when  M0O3  islands  are  dragged  on  the  M0S2  surface  [52].  In  these 
experiments,  sliding  was  possible  only  along  low  index  directions.  The  weak 
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Fig.  15.22    (a-g)  Sequence  of  topography  images  of  C60  islands  on  NaCl(lOO)  (after  [51]).  (h) 
Overview  of  the  roto-translational  motion  of  the  island 


Fig.  15.23    Friction  force 
experienced  as  a  carbon 
nanotube  is  rotated  into  {left- 
trace)  and  out  of  (right  trace) 
commensurate  contact 
(after  [53]) 
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orientation  dependence  found  by  Ltithi  et  al.  [51]  is  probably  due  to  the  large 
mismatch  of  Ceo  on  NaCl. 

A  recent  example  of  friction  anisotropy  is  related  to  carbon  nanotubes.  Falvo 
et  al.  [53]  manipulated  nanotubes  on  graphite  using  a  FFM  tip  (Fig.  15.23). 
A  dramatic  increase  in  the  lateral  force  was  found  in  directions  corresponding  to 
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commensurate  contact.  At  the  same  time,  the  nanotube  motion  changed  from 
sliding/rotating  to  stick-roll. 


15.4    Thermal  Effects  on  Atomic  Friction 

Although  the  Tomlinson  model  gives  a  good  interpretation  of  the  basic  mechanism 
of  the  atomic  stick-slip  discussed  in  Sect.  15.2,  it  cannot  explain  some  minor 
features  observed  in  the  atomic  friction.  For  example,  Fig.  15.24  shows  a  friction 
loop  acquired  on  NaCl(lOO).  The  peaks  in  the  sawtooth  profile  have  different 
heights,  which  is  in  contrast  to  the  result  in  Fig.  15.9.  Another  effect  is  observed 
if  the  scan  velocity  v  is  varied:  the  mean  friction  force  increases  with  the  logarithm 
of  v  (Fig.  15.25).  This  effect  cannot  be  interpreted  within  the  mechanical  approach 
in  Sect.  15.2  without  further  assumptions. 


Fig.  15.24    Friction  loop  on 
NaCl(lOO)  (after  [54]) 


Fig.  15.25    Mean  friction 
force  vs.  scanning 
velocity  on  NaCl(lOO)  at 
FN  =  0.44  nN  (+)  and 
FN  =  0.65nN(x)  (after  [54]) 
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15.4.1     The  Tomlinson  Model  at  Finite  Temperature 


Let  us  focus  again  on  the  energy  profile  discussed  in  Sect.  15.2.1.  For  the  sake  of 
simplicity,  we  will  assume  that  y  ^>  1.  At  a  given  time  t  <  t*,  the  tip  jump  is 
prevented  by  the  energy  barrier  AE  =  £(imax,  t)  —  E(xmin,  t),  where  xmax  corre- 
sponds to  the  first  maximum  observed  in  the  energy  profile  and  xmin  is  the  actual 
position  of  the  tip  (Fig.  15.26).  The  quantity  AE  decreases  with  time  or,  equivalently, 
with  the  frictional  force  EL  until  it  vanishes  when  FL  =  F  (Fig.  15.27).  Close  to  the 
critical  point,  the  energy  barrier  can  be  written  approximately  as 


AE  =  J.(F-FL), 


(15.17) 


where  F  is  close  to  the  critical  value  F    =  nEQ/a. 

At  finite  temperature  T,  the  lateral  force  required  to  induce  a  jump  is  lower  than 
F*.  To  estimate  the  most  probable  value  of  FL  at  this  point,  we  first  consider  the 
probability  p  that  the  tip  does  not  jump.  The  probability  p  changes  with  time  t  according 
to  the  master  equation 


dp(0 
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P(t), 


(15.18) 
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Fig.  15.26  Energy  barrier 
that  hinders  the  tip  jump  in 
the  Tomlinson  model 
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Fig.  15.27    Energy  barrier 
AE  as  a  function  of  the  lateral 
force  FL.  The  dashed  line 
close  to  the  critical  value 
corresponds  to  the  linear 
approximation  (15.17) 
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where  f0  is  a  characteristic  frequency  of  the  system.  The  physical  meaning  of  this 
frequency  is  discussed  in  Sect.  15.4.2.  We  should  note  that  the  probability  of  a 
reverse  jump  is  neglected,  since  in  this  case  the  energy  barrier  that  must  be 
overcome  is  much  higher  than  AE.  If  time  is  replaced  by  the  corresponding  lateral 
force,  the  master  equation  becomes 


dp(FL)  (     AE(FL)\fdFL 


=  -/oe*P l-^T^    hiT      /W  (15.19) 


dFL  J       r\        knT    J  \  dt 

At  this  point,  we  substitute 


-l 


dFL  _  dFh  dX 
~dT~~dX~dt 


*effV  (15.20) 


and  use  the  approximation  (15.17).  The  maximum  probability  transition  condition 
d2p(F)/dF2  =  0  then  yields 

FL(v)=F*~^ln^  (15.21) 

A  v 


with 

fokaT 

v'c  =  -; r-  • 


(15.22) 


Thus,  the  lateral  force  depends  logarithmically  on  the  sliding  velocity,  as 
observed  experimentally.  However,  approximation  (15.17)  does  not  hold  when 
the  tip  jump  occurs  very  close  to  the  critical  point  x  =  x*,  which  is  the  case  at 
high  velocities.  In  this  instance,  the  factor  (dFLd?)_1  in  (15.19)  is  small  and, 
consequently,  the  probability  p(t)  does  not  change  significantly  until  it  suddenly 
approaches  1  when  t  — *  t  .  Thus  friction  is  constant  at  high  velocities,  in  agreement 
with  the  classical  Coulomb's  law  of  friction  [31]. 

Sang  et  al.  [55]  observed  that  the  energy  barrier  close  to  the  critical  point  is  better 
approximated  by  a  relation  like 

A£  =  n(F*  -FL)3/2.  (15.23) 

The  same  analysis  performed  using  approximation  (15.23)  instead  of  (15.17) 
leads  to  the  expression  [56] 

kuT  v      V        F,! 
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where  the  critical  velocity  vc  is  now 

nV2fQkBT 


2      keiia 


(15.25) 


The  velocity  vc  discriminates  between  two  different  regimes.  If  v  <§C  vc,  the 
second  logarithm  in  (15.24)  can  be  neglected,  which  leads  to  the  logarithmic 
dependence 

FL(v)=r-(-L-)      (ln^)      .  (15.26) 

In  the  opposite  case,  v  >■  vc,  the  term  on  the  left  in  (15.23)  is  negligible  and 


FL(v)  =  F* 


m 


(15.27) 


In  such  a  case,  the  lateral  force  FL  tends  to  F  ,  as  expected. 

In  a  recent  work,  Reimann  et  al.  distinguished  between  the  dissipation  that 
occurs  in  the  tip  apex  and  that  in  the  substrate  volume  in  contact  with  the  tip 
[57].  After  the  initial  logarithmic  increase,  the  velocity  dependence  of  friction 
changes  in  different  ways,  depending  on  the  relative  contribution  of  the  tip  apex 
to  the  total  dissipation.  A  friction  plateau  is  only  predicted  when  0  s=s  0.5  over  a 
limited  velocity  range.  At  lower  or  higher  values  of  0,  friction  is  expected  to 
increase,  or,  respectively,  decrease  beyond  the  critical  velocity  vc. 

The  thermally  activated  Tomlinson  model  has  been  recently  extended  to  two 
dimensions  by  Fasolino  and  coworkers  [58]. 


15.4.2     Velocity  Dependence  of  Friction 

The  velocity  dependence  of  friction  was  only  recently  studied  by  FFM.  Zworner 
et  al.  observed  that  friction  between  silicon  tips  and  diamond,  graphite  or  amor- 
phous carbon  is  constant  with  scan  velocities  of  a  few  um/s  [62].  The  friction 
decreased  when  v  was  reduced  below  1  um/s.  In  their  experiment  on  lipid  films  on 
mica  (Sect.  15.3.1),  Gourdon  et  al.  [60]  explored  a  range  of  velocities  from  0.01  to 
50  um/s  and  found  a  critical  velocity  vc  =  3.5  um/s  that  discriminates  between  an 
increasing  friction  and  a  constant  friction  regime  (Fig.  15.28).  Although  these 
results  were  not  explained  by  thermal  activation,  we  argue  that  the  previous 
theoretical  discussion  gives  the  correct  interpretative  key.  A  clear  observation  of 
a  logarithmic  dependence  of  friction  on  the  micrometer  scale  was  reported  by 
Bouhacina  et  al.,  who  studied  friction  on  triethoxysilane  molecules  and  polymers 
grafted  on  silica  with  sliding  velocities  of  up  to  v  =  300  uxn/s  [61].  The  result  was 
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Fig.  15.28    Velocity 
dependence  of  friction  on 
mica  and  on  lipid  films  with 
different  orientations  (arms 
4  and  5)  and  in  a  fluid  phase 
(after  [60]) 
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Fig.  15.29    Torsional  modes 
of  cantilever  oscillation  (a) 
when  the  tip  is  free  and  (b) 
when  the  tip  is  in  contact  with 
a  surface  (after  [65]) 


explained  with  a  thermally  activated  Eyring  model,  which  does  not  differ  signifi- 
cantly from  the  model  discussed  in  the  previous  subsection  [62,  63]. 

The  first  measurements  on  the  atomic  scale  were  performed  by  Bennewitz  et  al. 
on  copper  and  sodium  chloride  [54,  64];  in  both  cases  a  logarithmic  dependence  of 
friction  was  revealed  up  to  v  <  1  um/s  (Fig.  15.25),  in  agreement  with  (15.21). 
Higher  values  of  velocities  were  not  explored,  due  to  the  limited  range  of  the  scan 
frequencies  possible  with  FFM  on  the  atomic  scale.  The  same  limitation  does  not 
allow  a  clear  distinction  between  (15.21)  and  (15.26)  when  interpreting  the  experi- 
mental results. 

At  this  point  we  would  like  to  discuss  the  physical  meaning  of  the  characteristic 
frequency  f0.  With  a  lattice  constant  a  of  a  few  angstroms  and  an  effective  spring 
constant  £eff  «1  N/m,  which  are  typical  of  FFM  experiments,  (15.25)  gives  a  value 
of  a  few  hundred  kHz  for/o.  This  is  the  characteristic  range  in  which  the  torsional 
eigenfrequencies  of  the  cantilevers  are  located  in  both  contact  and  noncontact 
modes  (Fig.  15.29).  Future  work  may  clarify  whether  or  not/0  must  be  identified 
with  these  frequencies. 
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To  conclude  this  section,  we  should  emphasize  that  the  increase  in  friction  with 
increasing  velocity  is  ultimately  related  to  the  materials  and  the  environment  in 
which  the  measurements  are  realized.  In  a  humid  environment,  Riedo  et  al. 
observed  that  the  surface  wettability  plays  an  important  role  [66].  Friction 
decreases  with  increasing  velocity  on  hydrophilic  surfaces,  and  the  rate  of  this 
decrease  depends  drastically  on  humidity.  A  logarithmic  increase  is  again  found 
on  partially  hydrophobic  surfaces  (Fig.   15.30).  These  results  were  interpreted 


Fig.  15.30    Friction  versus 
sliding  velocity  (a)  on 
hydrophobic  surfaces  and  (b) 
on  hydrophilic  surfaces 
(after  [66]) 
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Fig.  15.31    Temperature 
dependence  of  friction  on 
fl-hexadecane  and 
octamethylcyclotetrasiloxane 
(after  [67]) 
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considering  the  thermally  activated  nucleation  of  water  bridges  between  tip  and 
sample  asperities,  as  discussed  in  the  cited  reference. 


15.4.3     Temperature  Dependence  of  Friction 

Thus  far  we  have  used  thermal  activation  to  explain  the  velocity  dependence  of 
friction.  The  same  mechanism  also  predicts  that  friction  should  change  with 
temperature.  The  master  equation  (15.18)  shows  that  the  probability  of  a  tip  jump 
is  reduced  at  low  temperatures  T  until  it  vanishes  when  T  =  0.  Within  this  limit 
case,  thermal  activation  is  excluded,  and  the  lateral  force  FL  is  equal  to  f  , 
independent  of  the  scanning  velocity  v. 

Only  few  experimental  studies  focused  on  the  temperature  dependence  of 
friction,  none  of  them  revealing  atomic-scale  features.  A  linear  decrease  of  friction 
with  temperature  was  observed  on  silicon  surfaces  covered  by  organic  molecules  in 
a  limited  range  of  temperatures  [67].  On  bare  Si(l  1 1)  in  UHV  a  peak  of  friction  was 
found  wl00  K,  the  origin  of  which  remained  unexplained  [68].  In  a  recent  FFM 
study  on  graphite  Zhao  et  al.  [69]  found  a  significant  dependence  of  friction  on  l/T 
over  a  wide  temperature  range  (140-750  K),  supporting  the  hypothesis  of  thermal 
activation  of  the  stick-slip  process. 


15.5     Geometry  Effects  in  Nanocontacts 


Friction  is  ultimately  related  to  the  real  shape  of  the  contact  between  the  sliding 
surfaces.  On  the  macroscopic  scale,  the  contact  between  two  bodies  is  studied 
within  the  context  of  continuum  mechanics,  which  is  based  on  the  elasticity  theory 
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developed  by  Hertz  in  the  nineteenth  century.  Various  FFM  experiments  have 
shown  that  continuum  mechanics  is  still  valid  down  to  contact  areas  just  a  few 
nanometers  in  size.  Only  when  contact  is  reduced  to  few  atoms  does  the  continuum 
frame  become  unsuitable,  and  other  approaches  like  molecular  dynamics  become 
necessary.  This  section  will  deal  with  continuum  mechanics  theory;  molecular 
dynamics  will  be  discussed  in  Sect.  15.7. 


15.5.1     Continuum  Mechanics  of  Single  Asperities 

The  lateral  force  FL  between  two  surfaces  in  reciprocal  motion  depends  on  the  size 
of  the  real  area  of  contact,  A,  which  can  be  a  few  orders  of  magnitude  smaller  than 
the  apparent  area  of  contact.  The  simplest  assumption  is  that  friction  is  proportional 
to  A;  the  proportionality  factor  is  called  the  shear  strength  a  [70] 

Fh  =  oA.  (15.28) 

For  plastic  deformation,  the  asperities  are  compressed  until  the  pressure  p  equals 
a  certain  yield  value  p  .  The  resulting  contact  area  is  thus  A  =  FNlp" ,  and  the  well- 
known  Amontons'  law  is  obtained:  FL  =  pFN,  where  p.  =  alp  is  the  coefficient  of 
friction.  The  same  idea  can  be  extended  to  contacts  formed  by  many  asperities,  and 
it  leads  again  to  Amontons'  law.  The  simplicity  of  this  analysis  explains  why  most 
friction  processes  were  related  to  plastic  deformation  for  a  long  time.  Such  a 
mechanism,  however,  should  provoke  quick  disruption  of  surfaces,  which  is  not 
observed  in  practice. 

Elastic  deformation  can  be  easily  studied  in  the  case  of  a  sphere  of  radius  R 
pressed  against  a  flat  surface.  In  this  case,  the  contact  area  is 


A(FN)=«(-J     F2J\  (15.29) 


2/3 

t) 

where  K  —  3E  /4  and  E  is  an  effective  Young's  modulus,  related  to  the  Young's 
moduli  (Ei  and  E2)  and  the  Poisson  numbers  (vj  and  v2)  of  sphere  and  plane,  by  the 
following  relation  [71] 

1        ^      l~*  (15.30) 


E*         Ei  E2 

The  result  A  ex  F-^/3  contrasts  with  Amontons'  law.  However,  a  linear  relation 
between  FL  and  FN  can  be  obtained  for  contacts  formed  from  several  asperities  in 
particular  cases.  For  example,  the  area  of  contact  between  a  flat  surface  and  a  set  of 
asperities  with  an  exponential  height  distribution  and  the  same  radius  of  curvature  R 
depends  linearly  on  the  normal  force  FN  [72].  The  same  conclusion  holds  approxi- 
mately even  for  a  Gaussian  height  distribution.  However,  the  hypothesis  that  the 
radii  of  curvature  are  the  same  for  all  asperities  is  not  realistic.  A  general  model  was 
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recently  proposed  by  Persson,  who  analytically  derived  the  proportionality  between 
contact  area  and  load  for  a  large  variety  of  elastoplastic  contacts  formed  by  surfaces 
with  arbitrary  roughnesses  [73].  However,  this  discussion  is  not  straightforward  and 
goes  beyond  the  purposes  of  this  section. 

Further  effects  are  observed  if  adhesive  forces  between  the  asperities  are  taken 
into  account.  If  the  range  of  action  of  these  forces  is  smaller  than  the  elastic 
deformation,  (15.29)  is  extended  to  the  Johnson-Kendall-Roberts  (JKR)  relation 

M^s)  =  4|j     x  (fn  +  3nyR  +  ^6nyRFN  +  (3nyR)A      ,  (15.31) 

where  y  is  the  surface  tension  of  the  sphere  and  plane  [74].  The  real  contact  area  at 
zero  load  is  finite  and  the  sphere  can  be  detached  only  by  pulling  it  away  with  a 
certain  force.  This  is  also  true  in  the  opposite  case,  in  which  the  range  of  action  of 
adhesive  forces  is  larger  than  the  elastic  deformation.  In  this  case,  the  relation 
between  contact  area  and  load  takes  the  simple  form 


2/3 


^n)  =  n[  ~ J      (FN  -  Foff)2/3,  (15.32) 

where  Foff  is  the  negative  load  required  to  break  the  contact.  The  Hertz-plus-offset 
relation  (15.32)  can  be  derived  from  the  Derjaguin-Muller-Toporov  (DMT)  model 
[75].  To  discriminate  between  the  JKR  or  DMT  models,  Tabor  introduced  a 
nondimensional  parameter 

#  =  l  tStt  I     .  (15-33) 


where  z0  is  the  equilibrium  distance  during  contact.  The  JKR  model  can  be  applied 
if  <P  >  5;  the  DMT  model  holds  when  <P  <  0.1  [76].  For  intermediate  values  of  <P, 
the  Maugis-Dugdale  model  [77]  could  reasonably  explain  experimental  results 
(Sect.  15.5.3). 


15.5.2    Dependence  of  Friction  on  Load 

The  FFM  tip  represents  a  single  asperity  sliding  on  a  surface.  The  previous  discus- 
sion suggests  a  nonlinear  dependence  of  friction  on  the  applied  load,  provided  that 
continuum  mechanics  is  applicable.  Schwarz  et  al.  observed  the  Hertz-plus-offset 
relation  (15.32)  on  graphite,  diamond,  amorphous  carbon  and  Ceo  in  an  argon 
atmosphere  (Fig.  15.32).  In  their  measurements,  they  used  well-defined  spherical 
tips  with  radii  of  curvature  of  tens  of  nanometers,  obtained  by  contaminating  silicon 
tips  with  amorphous  carbon  in  a  transmission  electron  microscope.  In  order  to 
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Fig.  15.32  Friction  versus  load  curve  on  amorphous  carbon  in  argon  atmosphere.  Curves  (a)-(d) 
refer  to  tips  with  different  radii  of  curvature  (after  [78]) 

compare  the  tribological  behavior  of  different  materials,  Schwarz  et  al.  suggested 
the  introduction  of  an  effective  coefficient  of  friction  C  which  is  independent  of  the 
tip  curvature  [78]. 

Meyer  et  al.,  Carpick  et  al.,  and  Polaczyc  et  al.  performed  friction  measurements 
in  UHV  in  agreement  with  JKR  theory  [19,  79,  80].  Different  materials  were 
considered  (ionic  crystals,  mica  and  metals)  in  these  experiments.  In  order  to 
correlate  the  lateral  and  normal  forces  with  improved  statistics,  Meyer  et  al.  applied 
an  original  2-D  histogram  technique  (Fig.  15.33).  Carpick  et  al.  extended  the  JKR 
relation  (15.32)  to  include  nonspherical  tips.  In  the  case  of  an  axisymmetric  tip 
profile  z  oc  r2"  (n  >  1),  it  can  be  proven  analytically  that  the  increase  in  the  friction 
becomes  less  pronounced  with  increasing  n  (Fig.  15.34). 


15.5.3    Estimation  of  the  Contact  Area 


In  contrast  to  other  tribological  instruments,  such  as  the  surface  force  apparatus 
[81],  the  contact  area  cannot  be  measured  directly  by  FFM.  Indirect  methods  are 
provided  by  contact  stiffness  measurements.  The  contact  between  the  FFM  tip  and 
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Decreasing  normal  load 
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Friction  force  map 
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Fig.  15.33    (a)  Friction  force  map  on  NaCl(lOO).  The  load  is  decreased  from  140  to  0  nN  (jump- 
off  point)  during  imaging,  (b)  2-D  histogram  of  (a)  (after  [19]) 
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Fig.  15.34    Friction  versus 
load  curves  (a)  for  a  spherical 
tip  and  (b)  for  a  blunted  tip. 
The  solid  curves  are 
determined  using  the  JKR 
theory  (after  [79]) 
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Fig.  15.35    Sketch  of  normal 
and  lateral  stiffness  of  the 
contact  between  tip  and 
surface  (after  [83]) 
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the  sample  can  be  modeled  by  a  series  of  two  springs  (Fig.  15.35).  The  effective 
constant  k:e{{  of  the  series  is  given  by 


1 


1 


1 


*eff         ^contact        CN 


(15.34) 


where  cN  is  the  normal  spring  constant  of  the  cantilever  and  £zcontact  is  the  normal 
stiffness  of  the  contact.  This  quantity  is  related  to  the  radius  of  the  contact  area  (a) 
by  the  simple  relation 

Contact  =  2oE*,  (15.35) 

where  E  is  the  effective  Young's  modulus  introduced  previously  [82].  Typical 
values  of  £zcontact  are  an  order  of  magnitude  larger  than  cN,  however,  and  practical 
application  of  (15.34)  is  not  possible. 

Carpick  et  al.  independently  suggested  an  alternative  method  [83,  84].  Accord- 
ing to  various  models,  the  lateral  contact  stiffness  of  the  contact  between  a  sphere 
and  a  flat  surface  is  [85] 


Contact"  8flG*' 


(15.36) 


where  the  effective  shear  stress  G   is  defined  by 


1 
G7 


(15.37) 


G\,  G2  are  the  shear  moduli  of  the  sphere  and  the  plane,  respectively.  The  contact 
between  the  FFM  tip  and  the  sample  can  again  be  modeled  by  a  series  of  springs 
(Fig.  15.35).  The  effective  constant  £Aeff  of  the  series  is  given  by 
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(15.38) 
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where  cL  is  the  lateral  spring  constant  of  the  cantilever  and  k*conVdct  lS  me  lateral 
stiffness  of  the  contact.  As  suggested  by  Lantz,  (15.38)  also  includes  the  lateral 
stiffness  of  the  tip  k\ip  which  can  be  comparable  to  the  lateral  spring  constant.  The 
effective  spring  constant  kAett  is  simply  given  by  the  slope  dFL/dx  of  the  friction 
loop  (Sect.  15.2.1).  Once  £  contact  is  determined,  the  contact  radius  a  is  easily 
estimated  by  (15.36). 

The  lateral  stiffness  method  was  applied  to  contacts  between  silicon  nitride  and 
muscovite  mica  in  air  and  between  NbSe2  and  graphite  in  UHV.  The  dependences 
of  both  the  spring  constant  k'xetf  and  the  lateral  force  FL  on  the  load  FN  were 
explained  within  the  same  models  (JKR  and  Maugis-Dugdale,  respectively), 
which  confirms  that  friction  is  proportional  to  the  contact  area  for  the  range  of 
loads  applied  (up  to  FN  =  40  nN  in  both  experiments). 

Enachescu  et  al.  estimated  the  contact  area  by  measuring  the  contact  conduc- 
tance on  diamond  as  a  function  of  the  applied  load  [86,  87].  Their  experimental  data 
were  fitted  with  the  DMT  model,  which  was  also  used  to  explain  the  dependence  of 
friction  on  load.  Since  the  contact  conductance  is  proportional  to  the  contact  area, 
the  validity  of  the  hypothesis  (15.28)  was  confirmed  again. 


15.6     Wear  on  the  Atomic  Scale 

If  the  normal  force  FN  applied  by  the  FFM  exceeds  a  critical  value,  which  depends 
on  the  tip  shape  and  on  the  material  under  investigation,  the  surface  topography  is 
permanently  modified.  In  some  cases  wear  is  exploited  to  create  patterns  with  well- 
defined  shapes.  Here  we  will  focus  on  the  mechanisms  that  act  at  the  nanometer 
scale,  where  recent  experiments  have  demonstrated  the  unique  ability  of  the  FFM  to 
both  scratch  and  image  surfaces  down  to  the  atomic  scale. 


15.6.1    Abrasive  Wear  on  the  Atomic  Scale 

Liithi  et  al.  observed  the  appearance  of  wear  at  very  low  loads,  i.e.  FN  =  3  nN,  for 
ionic  crystals  [34].  Atomically  resolved  images  of  the  damage  produced  by  scratch- 
ing the  FFM  tip  area  on  potassium  bromide  were  obtained  by  Gnecco  et  al.  [88].  In 
Fig.  15.36,  a  small  mound  that  has  piled  up  at  the  end  of  a  groove  on  KBr(lOO) 
is  shown  at  different  magnifications.  The  groove  was  created  a  few  minutes 
before  imaging  by  repeatedly  scanning  with  the  normal  force  FN  —  21  nN.  The 
image  shows  a  lateral  force  map  acquired  with  a  load  of  «s  1  nN;  no  atomic  features 
were  observed  in  the  corresponding  topographic  signal.  Figure  15.36a,  b  shows  that 
the  debris  extracted  from  the  groove  recrystallized  with  the  same  atomic  arrange- 
ment of  the  undamaged  surface,  which  suggests  that  the  wear  process  occurred  in  a 
similar  way  to  epitaxial  growth,  assisted  by  the  microscope  tip. 
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Fig.  15.36    Lateral  force 
images  acquired  at  the  end  of 
a  groove  scratched  256 
times  with  a  normal  force 
FN  =  21  nN.  Frame  sizes: 
(a)  39  nm,  (b)  25  nm 


Fig.  15.37    Friction  loops 
acquired  while  scratching  the 
KBr  surface  on  5  nm  long 
lines  with  different  loads 
FN  =  5.7-22.8  nN 
(after  [88]) 


Fig.  15.38    (a)  Lateral  force 
images  of  the  pits  produced 
withFN  =  5.7-22.8  nN. 
Frame  size:  150  nm;  (b) 
Detailed  image  of  the  fourth 
pit  from  the  top  with  pseudo- 
atomic  resolution.  Frame 
size:  20  nm 


Although  it  is  not  that  easy  to  understand  how  wear  is  initiated  and  how  the  tip 
transports  the  debris,  important  indications  are  given  by  the  profile  of  the  lateral 
force  FL  recorded  while  scratching.  Figure  15.37  shows  some  friction  loops 
acquired  when  the  tip  was  scanned  laterally  on  areas  of  size  5x5  nm  .  The 
mean  lateral  force  multiplied  by  the  scanned  length  gives  the  total  energy  dissipated 
in  the  process.  The  tip  movement  produces  the  pits  shown  in  Fig.  15.38a.  Thanks  to 
the  pseudo-atomic  resolution  obtained  by  FFM  (Fig.  15.38b),  the  number  of 
removed  atoms  can  be  determined  from  lateral  force  images,  which  allow  us  to 
estimate  that  70%  of  the  dissipated  energy  went  into  wearless  friction  [88]. 
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Fig.  15.39    (a)  Topography 
image  of  an  area  scratched  on 
muscovite  mica  with 
FN  =  230  nN;  (b,  c)  Fourier- 
filtered  images  of  different 
regions  (after  [89]) 


Figures  15.37  and  15.38  clearly  show  that  the  damage  increases  with  increasing 
load.  On  the  other  hand,  changing  the  scan  velocity  v  between  25  and  100  nm/s  did 
not  produce  any  significant  variation  in  the  wear  process. 

In  a  recent  study  on  KBr  films  on  Cu(100)  Filleter  et  al.  [41]  reported  significant 
wear  at  intrinsic  step  edges  of  the  films,  where  atomic  coordination  is  lower.  In 
contrast,  low  friction  and  no  wear  were  observed  across  metal  steps  covered  by 
KBr,  which  indicates  a  stabilizing  effect  of  the  alkali  halide  coating  on  the  metal 
surface.  A  different  kind  of  wear  was  observed  on  layered  materials.  Kopta  et  al. 
[89]  removed  layers  from  a  muscovite  mica  surface  by  scratching  with  normal  force 
FN  —  230  nN  (Fig.  15.39a).  Fourier-filtered  images  acquired  on  very  small  areas 
revealed  the  different  periodicities  of  the  underlying  layers,  which  reflect  the 
complex  structure  of  the  muscovite  mica  (Fig.  15.39b,  c). 


15.6.2     Contribution  of  Wear  to  Friction 


The  mean  lateral  force  detected  while  scratching  a  KBr(lOO)  surface  with  a  fixed 
load  FN  —  11  nN  is  shown  in  Fig.  15.40.  A  rather  continuous  increase  infliction 
with  the  number  of  scratches  N  is  observed,  which  can  be  approximated  with  the 
following  exponential  law 


F0e 


-N/N0 


Yl-e-^). 


(15.39) 


278 


E.  Gnecco  et  al. 


Fig.  15.40    Mean  value  of  the 
lateral  force  during  repeated 
scratching  with  FN  =  1 1  nN 
on  a  500  nm  line  (after  [88]) 


3  4  5 
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Equation  (15.39)  is  easily  interpreted  by  assuming  that  friction  is  proportional  to 
contact  area  A(N),  and  that  time  evolution  of  A(N)  can  be  described  by 


dA 
W 


■A(N) 


N0 


(15.40) 


Here  Ax  is  the  limit  area  in  which  the  applied  load  can  be  balanced  without 
scratching. 

To  interpret  their  experiment  on  mica,  Kopta  et  al.  assumed  that  wear  is  initiated 
by  atomic  defects.  When  the  defects  accumulate  beyond  a  critical  concentration, 
they  grow  to  form  the  scars  shown  in  Fig.  15.39.  Such  a  process  was  once  again 
related  to  thermal  activation.  The  number  of  defects  created  in  the  contact  area 
A{FN)  is 


Ndef(FN)  =  rres«(,A(fN)/0exp 


(15.41) 


where  fres  is  the  residence  time  of  the  tip,  n0  is  the  surface  density  of  atoms,  and/0 
is  the  frequency  of  attempts  to  overcome  the  energy  barrier  AE  to  break  a  Si-0 
bond,  which  depends  on  the  applied  load.  When  the  defect  density  reaches  a 
critical  value,  a  hole  is  nucleated.  The  friction  force  during  the  creation  of  a  hole 
was  also  estimated  via  thermal  activation  by  Kopta  et  al.,  who  derived  the 
formula 


^L  =  c(Fh 


ToffF  +  y4exp(5o4)- 


(15.42) 


The  first  term  on  the  right  gives  the  wearless  dependence  of  friction  in  the  Hertz- 
plus-offset  model  (Sect.  15.5.1);  the  second  term  is  the  contribution  of  the  defect 
production.  The  agreement  between  (15.42)  and  experiment  can  be  observed  in 
Fig.  15.41. 
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Fig.  15.41    Friction  versus 
load  curve  during  the  creation 
of  a  hole  in  the  muscovite 
mica  (after  [89]) 
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15.7     Molecular  Dynamics  Simulations  of  Atomic  Friction 
and  Wear 


Section  15.5  mentioned  that  small  sliding  contacts  can  be  modeled  by  continuum 
mechanics.  This  modeling  has  several  limitations.  The  first  and  most  obvious  is  that 
continuum  mechanics  cannot  account  for  atomic-scale  processes  like  atomic  stick- 
slip.  While  this  limit  can  be  overcome  by  semiclassical  descriptions  like  the 
Tomlinson  model,  one  definite  limit  is  the  determination  of  contact  stiffness  for 
contacts  with  a  radius  of  a  few  nanometers.  Interpreting  experimental  results  with 
the  methods  introduced  in  Sect.  15.5.3  regularly  yields  contact  radii  of  atomic  or 
even  smaller  size,  in  clear  contradiction  to  the  minimal  contact  size  given  by 
adhesion  forces.  Macroscopic  quantities  such  as  shear  modulus  or  pressure  fail  to 
describe  the  mechanical  behavior  of  these  contacts.  Microscopic  modeling  that 
includes  the  atomic  structure  of  the  contact  is  therefore  required.  This  is  usually 
achieved  through  a  molecular  dynamics  (MD)  simulation  of  the  contact.  In  such 
simulations,  the  sliding  contact  is  set  up  by  boundaries  of  fixed  atoms  in  relative 
motion  and  the  atoms  of  the  contact,  which  are  allowed  to  relax  their  positions 
according  to  interactions  between  each  pair  of  atoms.  Methods  of  computer  simu- 
lation used  in  tribology  are  discussed  elsewhere  in  this  book.  In  this  section  we  will 
discuss  simulations  that  can  be  directly  compared  to  experimental  results  showing 
atomic  friction  processes.  The  major  outcome  of  the  simulations  beyond  the 
inclusion  of  the  atomic  structure  is  the  importance  of  including  displacement  of 
atoms  in  order  to  correctly  predict  forces.  Then  we  present  simulation  studies  that 
include  wear  of  the  tip  or  the  surface. 
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15.7.1     Molecular  Dynamics  Simulations  of  Friction  Processes 

The  first  experiments  that  exhibited  the  features  of  atomic  friction  were  performed 
on  layered  materials,  often  graphite.  A  theoretical  study  of  forces  between  an 
atomically  sharp  diamond  tip  and  the  graphite  surface  has  been  reported  by  Tang 
et  al.  [90].  The  authors  found  that  the  forces  were  significantly  dependent  on 
distance.  The  strongest  contrasts  appeared  at  different  distances  for  normal  and 
lateral  forces  due  to  the  strong  displacement  of  surface  atoms.  The  order  of 
magnitude  found  in  this  study  was  one  nanonewton,  much  less  than  in  most 
experimental  reports,  which  indicated  that  contact  areas  of  far  larger  dimensions 
were  realized  in  such  experiments.  Tang  et  al.  determined  that  the  distance  depen- 
dence of  the  forces  could  even  change  the  symmetrical  appearance  of  the  lateral 
forces  observed.  The  experimental  situation  has  also  been  studied  in  numerical 
simulations  using  a  simplified  one-atom  potential  for  the  tip-surface  interaction  but 
including  the  spring  potential  of  the  probing  force  sensor  [43].  The  motivation  for 
these  studies  was  the  observation  of  a  hexagonal  pattern  in  the  friction  force,  while 
the  surface  atoms  of  graphite  are  ordered  in  a  honeycomb  structure.  The  simulations 
revealed  how  the  jump  path  of  the  tip  under  lateral  force  is  dependent  on  the  force 
constant  of  the  probing  force  sensor. 

Surfaces  of  ionic  crystals  have  become  model  systems  for  studies  in  atomic 
friction.  Atomic  stick-slip  behavior  has  been  observed  by  several  groups  with  a 
lateral  force  modulation  of  the  order  of  1  nN.  Pioneering  work  in  atomistic  simula- 
tion of  sliding  contacts  has  been  done  by  Landman  et  al.  The  first  ionic  system 
studied  was  a  CaF2  tip  sliding  over  a  CaF2(lll)  surface  [91].  In  MD  calculations 
with  controlled  temperature,  the  tip  was  first  moved  toward  the  surface  up  to  the 
point  at  which  an  attractive  normal  force  of  —3  nN  acted  on  the  tip.  Then  the  tip 
was  moved  laterally,  and  the  lateral  force  determined.  An  oscillation  with  a 
periodicity  corresponding  to  the  atomic  periodicity  of  the  surface  and  with  an 
amplitude  decreasing  from  8  nN  was  found.  Inspection  of  the  atomic  positions 
revealed  a  wear  process  from  shear  cleavage  of  the  tip.  This  transfer  of  atoms 
between  tip  and  surface  plays  a  crucial  role  in  atomic  friction  studies,  as  was  shown 
by  Shluger  et  al.  [92].  These  authors  simulated  a  MgO  tip  scanning  laterally  over  a 
LiF(lOO)  surface.  Initially  an  irregular  oscillation  of  the  system's  energy  is  found 
together  with  transfer  of  atoms  between  surface  and  tip.  After  a  while,  the  tip  apex 
structure  is  changed  by  adsorption  of  Li  and  F  ions  in  such  a  way  that  nondestruc- 
tive sliding  with  perfectly  regular  energy  oscillations  correlating  with  the  periodic- 
ity of  the  surface  was  observed.  The  authors  called  this  effect  self-lubrication  and 
speculate  that,  in  general,  dynamic  self-organization  of  the  surface  material  on  the 
tip  might  promote  the  observation  of  periodic  forces.  In  a  less  costly  molecular 
mechanics  study,  in  which  the  forces  were  calculated  for  each  fixed  tip-sample 
configuration,  Tang  et  al.  produced  lateral  and  normal  force  maps  for  a  diamond  tip 
over  a  NaCl(lOO)  surface,  including  such  defects  as  vacancies  and  a  step  [93].  As 
with  the  studies  mentioned  before,  they  found  that  significant  atomic  force  contrast 
can  be  expected  for  tip-sample  distances  of  <  0.35  nm,  while  distances  <0.15  nm 
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result  in  destructive  forces.  For  the  idealized  conditions  of  scanning  at  constant 
height  in  this  regime,  the  authors  predict  that  even  atomic-sized  defects  could  be 
imaged.  Experimentally,  these  conditions  cannot  be  stabilized  in  the  static  modes 
used  so  far  in  lateral  force  measurements.  However,  dynamic  modes  of  force 
microscopy  have  given  atomic  resolution  of  defects  within  the  distance  regime  of 
0.2  and  0.4  nm  [94].  Recent  experimental  progress  in  atomic  friction  studies  of 
surfaces  of  ionic  crystals  include  the  velocity  dependence  of  lateral  forces  and 
atomic-scale  wear  processes.  Such  phenomena  are  not  yet  accessible  by  MD 
studies:  the  experimental  scanning  timescale  is  too  far  from  the  atomic  relaxation 
timescales  that  govern  MD  simulations.  Furthermore,  the  number  of  freely  trans- 
ferable atoms  that  can  be  included  in  a  simulation  is  simply  limited  by  meaningful 
calculation  time. 

Landman  et  al.  also  simulated  a  system  of  high  reactivity,  namely  a  silicon  tip 
sliding  over  a  silicon  surface  [95].  A  clear  stick-slip  variation  in  the  lateral  force 
was  observed  for  this  situation.  Strong  atom  displacements  created  an  interstitial 
atom  under  the  influence  of  the  tip,  which  was  annealed  as  the  tip  moved  on. 
Permanent  damage  was  predicted,  however,  when  the  tip  enters  the  repulsive  force 
regime.  Although  the  simulated  Si(l  1 1)  surface  is  not  experimentally  accessible,  it 
should  be  mentioned  that  the  tip  had  to  be  passivated  by  a  Teflon  layer  on  the 
Si(lll)-7  x  7  reconstructed  surface  before  nondestructive  contact  mode  measure- 
ments became  possible  (Sect.  15.3).  It  is  worth  noting  that  the  simulations  for  the 
Cu(lll)  surface  revealed  a  linear  relation  between  contact  area  and  mean  lateral 
force,  similar  to  classical  macroscopic  laws. 

Wear  processes  are  predicted  by  several  MD  studies  of  metallic  sliding  over 
metallic  surfaces,  which  will  be  discussed  in  the  following  section.  For  a  (111)- 
terminated  copper  tip  sliding  over  a  Cu(lll)  surface,  however,  S0rensen  et  al. 
found  that  nondestructive  sliding  is  possible  while  the  lateral  force  exhibits  the 
sawtooth-like  shape  characteristic  of  atomic  stick-slip  (Fig.  15.42).  In  contrast,  a 
Cu(100)  surface  would  be  disordered  by  a  sliding  contact  (Fig.  15.43). 


Friction  force  (nN) 


Fig.  15.42    Lateral  force 
acting  on  a  Cu(l  1 1)  tip  in 
matching  contact  with  a 
Cu(  1 1 1 )  substrate  as  a 
function  of  the  sliding 
distance  at  different  loads 
(after  [96]) 
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Fig.  15.43    Snapshot  of  a 
Cu(100)  tip  on  a  Cu(  100) 
substrate  during  sliding,  (a) 
Starting  configuration;  (b-d) 
snapshots  after  two,  four,  and 
six  slips  (after  [96]) 


15.7.2    Molecular  Dynamics  Simulations  of  Abrasive  Wear 


The  long  timescales  characteristic  of  wear  processes  and  the  large  amount  of 
material  involved  make  any  attempt  to  simulate  these  mechanisms  on  a  computer 
a  tremendous  challenge.  Despite  this,  MD  can  provide  useful  insights  on  the 
mechanisms  of  removal  and  deposition  of  single  atoms  by  the  FFM  tip,  which  is 
not  the  kind  of  information  directly  observable  experimentally.  Complex  processes 
like  abrasive  wear  and  nanolithography  can  be  investigated  only  within  approxi- 
mate classical  mechanics. 

The  observation  made  by  Livshits  and  Shluger,  that  the  FFM  tip  undergoes  a 
process  of  self-lubrication  when  scanning  ionic  surfaces  (Sect.  15.7.1),  proves  that 
friction  and  wear  are  strictly  related  phenomena.  In  their  MD  simulations  on 
copper,  S0rensen  et  al.  considered  not  only  ordered  (111)-  and  (lOO)-terminated 
tips,  but  also  amorphous  structures  obtained  by  heating  the  tip  to  high  temperatures 
[96].  The  lateral  motion  of  the  neck  thus  formed  revealed  stick-slip  behavior  due  to 
combined  sliding  and  stretching,  as  well  as  ruptures,  accompanied  by  deposition  of 
debris  on  the  surface  (Fig.  15.44). 

To  our  knowledge,  only  a  few  examples  of  abrasive  wear  simulations  on  the 
atomic  scale  have  been  reported.  Buldum  and  Ciraci,  for  instance,  studied  nanoin- 
dentation  and  sliding  of  a  sharp  Ni(l  1 1)  tip  on  Cu(l  10)  and  a  blunt  Ni(001)  tip  on 
Cu(100)  [97].  In  the  case  of  the  sharp  tip,  quasiperiodic  variations  of  the  lateral 
force  were  observed,  due  to  stick-slip  involving  phase  transition.  One  layer  of  the 
asperity  was  deformed  to  match  the  substrate  during  the  first  slip  and  then  two 
asperity  layers  merged  into  one  in  a  structural  transition  during  the  second  slip.  In 
the  case  of  the  blunt  tip,  the  stick-slip  was  less  regular. 

Different  results  have  been  reported  in  which  the  tip  is  harder  than  the  underly- 
ing sample.  Komanduri  et  al.  considered  an  infinitely  hard  Ni  indenter  scratching 
single  crystal  aluminum  at  extremely  low  depths  (Fig.  15.45)  [98].  A  linear  relation 
between  friction  and  load  was  found,  with  a  high  coefficient  of  friction  [i  —  0.6, 
independent  of  the  scratch  depth.  Nanolithography  simulations  were  recently 
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Fig.  15.44    Snapshot  of  a  Cu(  100)  neck  during  shearing  starting  from  configuration  (a).  The  upper 
substrate  was  displaced  4.2  A  between  subsequent  pictures  (after  [96]) 


Fig.  15.45    MD  simulation  of 
a  scratch  realized  with  an 
infinitely  hard  tool  (after  [98]) 


performed  by  Fang  et  al.  [99],  who  investigated  the  role  of  the  displacement  of  the 
FFM  tip  along  the  direction  of  slow  motion  between  a  scan  line  and  the  next  one. 
They  found  a  certain  correlation  with  FFM  experiments  on  silicon  films  coated  with 
aluminum. 
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15.8     Energy  Dissipation  in  Noncontact  Atomic  Force 
Microscopy 

Historically,  the  measurement  of  energy  dissipation  induced  by  tip-sample  interac- 
tion has  been  the  domain  of  friction  force  microscopy,  where  the  sharp  AFM  tip 
slides  over  a  sample  that  it  is  in  gentle  contact  with.  The  origins  of  dissipation  in 
friction  are  related  to  phonon  excitation,  electronic  excitation  and  irreversible 
changes  of  the  surface.  In  a  typical  stick-slip  experiment,  the  energy  dissipated  in 
a  single  atomic  slip  event  is  of  the  order  of  1  eV. 

However,  the  lateral  resolution  of  force  microscopy  in  the  contact  mode  is 
limited  by  a  minimum  contact  area  of  several  atoms  due  to  adhesion  between  tip 
and  sample. 

This  problem  has  been  overcome  in  noncontact  dynamic  force  microscopy.  In 
the  dynamic  mode,  the  tip  oscillates  with  a  constant  amplitude  A  of  typically 
1-20  nm  at  the  eigenfrequency  /  of  the  cantilever,  which  shifts  by  A/  due  to 
interaction  forces  between  tip  and  sample.  This  technique  is  described  in  detail  in 
Part  B  of  this  book. 

Dissipation  also  occurs  in  the  noncontact  mode  of  force  microscopy,  where  the 
atomic  structure  of  tip  and  sample  are  reliably  preserved.  In  this  dynamic  mode,  the 
damping  of  the  cantilever  oscillation  can  be  deduced  from  the  excitation  amplitude 
Aexc  required  to  maintain  the  constant  tip  oscillation  amplitude  on  resonance. 

Compared  to  friction  force  microscopy,  the  interpretation  of  noncontact  AFM 
(NC-AFM)  experiments  is  complicated  due  to  the  perpendicular  oscillation  of  the 
tip,  typically  with  an  amplitude  that  is  large  compared  to  the  minimum  tip-sample 
separation.  Another  problem  is  to  relate  the  measured  damping  of  the  cantilever  to 
the  different  origins  of  dissipation. 

In  all  dynamic  force  microscopy  measurements,  a  power  dissipation  Pq  caused 
by  internal  friction  of  the  freely  oscillating  cantilever  is  observed,  which  is  propor- 
tional to  the  eigenfrequency  cu0  and  to  the  square  of  the  amplitude  A  and  is  inversely 
proportional  to  the  known  Q  value  of  the  cantilever.  When  the  tip-sample  distance 
is  reduced,  the  tip  interacts  with  the  sample  and  therefore  additional  damping  of  the 
oscillation  is  encountered.  This  extra  dissipation  Pte  caused  by  the  tip-sample 
interaction  can  be  calculated  from  the  excitation  signal  Aexc  [100]. 

The  observed  energy  losses  per  oscillation  cycle  (100  meV)  [101]  are  roughly 
similar  to  the  1  eV  energy  loss  in  the  contact  slip  process.  When  estimating  the 
contact  area  in  the  contact  mode  for  a  few  atoms,  the  energy  dissipation  per 
atom  that  can  be  associated  with  a  bond  being  broken  and  reformed  is  also 
«100  meV. 

The  idea  of  relating  the  additional  damping  of  the  tip  oscillation  to  dissipative 
tip-sample  interactions  has  recently  attracted  much  attention  [102].  The  origins 
of  this  additional  dissipation  are  manifold:  one  may  distinguish  between  apparent 
energy  dissipation  (for  example  from  inharmonic  cantilever  motion,  artefacts  from 
the  phase  controller,  or  slow  fluctuations  round  the  steady  state  solution  [102,  103]), 
velocity-dependent  dissipation  (for  example  electric  and  magneticfield-mediated 
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Joule  dissipation  [104,  105])  and  hysteresis-related  dissipation  (due  to  atomic 
instabilities  [106,  107]  or  hysteresis  due  to  adhesion  [108]). 

Forces  and  dissipation  can  be  measured  by  recording  A/  and  Aexc  simulta- 
neously during  a  typical  AFM  experiment.  Many  experiments  show  true  atomic 
contrast  in  topography  (controlled  by  A/)  and  in  the  dissipation  signal  Aexc  [109]; 
however,  the  origin  of  the  atomic  energy  dissipation  process  is  still  not 
completely  resolved. 

To  prove  that  the  observed  atomic-scale  variation  in  the  damping  is  indeed  due 
to  atomic-scale  energy  dissipation  and  not  an  artefact  of  the  distance  feedback, 
Loppacher  et  al.  [101]  carried  out  a  NC-AFM  experiment  on  Si(lll)-7  x  7  at 
constant  height  (with  distance  feedback  stopped).  Frequency-shift  and  dissipation 
exhibit  atomic-scale  contrast,  demonstrating  true  atomic-scale  variations  in  force 
and  dissipation. 

Strong  atomic-scale  dissipation  contrast  at  step  edges  has  been  demonstrated  in  a 
few  experiments  (NaCl  on  Cu  [94]  or  measurements  on  KBr  [110]).  In  Fig.  15.46, 
ultrathin  NaCl  islands  grown  on  Cu(lll)  are  shown.  As  shown  in  Fig.  15.46a,  the 
island  edges  have  a  higher  contrast  than  the  NaCl  terrace  and  they  show  atomically 
resolved  corrugation.  The  strongly  enhanced  contrast  of  the  step  edges  and  kink 
sites  could  be  attributed  to  a  slower  decay  of  the  electric  field  and  to  easier 
relaxation  of  the  positions  of  the  ions  at  these  locations.  The  dissipation  image 
shown  in  Fig.  15.46b  was  recorded  at  the  same  time.  To  establish  a  direct  spatial 
correspondence  between  the  excitation  and  the  topography  signal,  the  match 
between  topography  and  Aexc  has  been  studied  on  many  images.  Sometimes  the 
topography  and  Aexc  are  in  phase,  sometimes  they  are  shifted  a  little  bit,  and 
sometimes  Aexc  is  at  a  minimum  when  topography  is  at  a  maximum.  The  local 
contrast  formation  thus  depends  strongly  on  the  atomic  tip  structure.  In  fact,  the 
strong  dependence  of  the  dissipation  contrast  on  the  atomic  state  of  the  tip  apex  is 
impressively  confirmed  by  the  tip  change  observed  in  the  experimental  images 
shown  in  Fig.  15.46b.  The  dissipation  contrast  is  seriously  enhanced,  while  the 
topography  contrast  remains  almost  unchanged.  The  dissipation  clearly  depends 


Fig.  15.46  (a)  Topography  and  (b)  Aexc  images  of  a  NaCl  island  on  Cu(  1 1 1 ) .  The  tip  changes  after 
1/4  of  the  scan,  thereby  changing  the  contrast  in  the  topography  and  enhancing  the  contrast  in  A.xc. 
After  2/3  of  the  scan,  the  contrast  from  the  lower  part  of  the  image  is  reproduced,  indicating  that 
the  tip  change  was  reversible  (after  [94]) 
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strongly  on  the  state  of  the  tip  and  exhibits  more  short-range  character  than  the 
frequency  shift. 

More  directly  related  to  friction  measurements,  where  the  tip  is  sliding  in  contact 
with  the  sample,  are  NC-AFM  experiments,  where  the  tip  is  oscillating  parallel  to 
the  surface.  Stowe  et  al.  [Ill]  oriented  cantilever  beams  with  in-plane  tips  perpen- 
dicular to  the  surface,  so  that  the  tip  motion  was  approximately  parallel  to  the 
surface.  The  noncontact  damping  of  the  lever  was  used  to  measure  localized 
electrical  Joule  dissipation.  They  were  able  to  image  the  dopant  density  for 
n-  and  p-type  silicon  samples  with  150  nm  spatial  resolution.  A  dependence  of 
Uts  on  the  tip-sample  voltage  was  found  for  the  dissipation,  as  proposed  by  Denk 
and  Pohl  [104]  for  electric  field  Joule  dissipation. 

Stipe  et  al.  [112]  measured  the  noncontact  friction  between  a  Au(lll)  surface 
and  a  gold-coated  tip  with  the  same  setup.  They  observed  the  same  Uts  dependence 
of  the  bias  voltage  and  a  distance  dependence  that  follows  the  power  law  l/d", 
where  n  is  between  1.3  and  3  [1 12,  1 13].  A  substantial  electric-field  is  present  even 
when  the  external  bias  voltage  is  zero.  The  presence  of  inhomogeneous  tip-sample 
electric  fields  is  difficult  to  avoid,  even  under  the  best  experimental  conditions. 
Although  this  dissipation  is  electrical  in  origin,  the  detailed  mechanism  is  not 
totally  clear.  The  most  straightforward  mechanism  is  to  assume  that  inhomoge- 
neous fields  emanating  from  the  tip  and  the  sample  induce  surface  charges  in  the 
nearby  metallic  sample.  When  the  tip  moves,  currents  are  induced,  causing  ohmic 
dissipation  [104,  111].  But  in  metals  with  good  electrical  conductivity,  ohmic 
dissipation  is  insufficient  to  account  for  the  observed  effect  [114].  Thus  the  tip- 
sample  electric  field  must  have  an  additional  effect,  such  as  driving  the  motions  of 
adsorbates  and  surface  defects. 

When  exciting  the  torsional  oscillation  of  commercial,  rectangular  AFM  can- 
tilevers, the  tip  is  oscillating  approximately  parallel  to  the  surface.  In  this  mode,  it 
was  possible  to  measure  lateral  forces  acting  on  the  tip  at  step  edges  and  near 
impurities  quantitatively  [65].  Enhanced  energy  dissipation  was  also  observed  at 
the  impurities.  When  the  tip  is  moved  further  toward  the  sample,  contact  forma- 
tion transforms  the  nearly  free  torsional  oscillation  of  the  cantilever  into  a 
different  mode,  with  the  tip-sample  contact  acting  as  a  hinge.  When  this  contact 
is  formed,  a  rapid  increase  in  the  power  required  to  maintain  a  constant  tip 
oscillation  amplitude  and  a  positive  frequency  shift  are  found.  The  onsets  of  the 
simultaneously  recorded  damping  and  positive  frequency  shift  are  sharp  and 
essentially  coincide.  It  is  assumed  that  these  changes  indicate  the  formation  of 
a  tip-sample  contact.  Two  recent  studies  [115,  116]  report  on  the  use  of  the 
torsional  eigenmode  to  measure  the  elastic  properties  of  the  tip-sample  contact, 
where  the  tip  is  in  contact  with  the  sample  and  the  shear  stiffness  depends  on  the 
normal  load. 

Kawagishi  et  al.  [117]  scanned  with  lateral  amplitudes  of  the  order  of  10  pm  to 
3  nm;  their  imaging  technique  showed  up  contrast  between  graphite  terraces, 
silicon  and  silicon  dioxide,  graphite  and  mica.  Torsional  self-excitation  showed 
nanometric  features  of  self-assembled  monolayer  islands  due  to  different  lateral 
dissipations. 
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Giessibl  et  al.  [118]  recently  established  true  atomic  resolution  of  both  conser- 
vative and  dissipative  forces  by  lateral  force  microscopy.  The  interaction  between  a 
single  tip  atom  oscillated  parallel  to  an  Si(lll)-7  x  7  surface  was  measured.  A 
dissipation  energy  of  up  to  4  eV  per  oscillation  cycle  was  found,  which  is  explained 
by  the  plucking  action  of  one  atom  onto  the  other,  as  described  by  Tomlinson  in 
1929  [25]. 

A  detailed  review  of  dissipation  phenomena  in  noncontact  force  microscopy  has 
been  given  by  Hug  [119]. 


15.9     Conclusion 

Over  the  last  15  years,  two  instrumental  developments  have  stimulated  scientific 
activities  in  the  field  of  nanotribology.  On  the  one  hand,  the  invention  and  develop- 
ment of  friction  force  microscopy  has  allowed  us  to  quantitatively  study  single- 
asperity  friction.  As  we  have  discussed  in  this  chapter,  atomic  processes  are 
observed  using  forces  of  «1  nN  (forces  related  to  single  chemical  bonds).  On  the 
other  hand,  the  enormous  increase  in  achievable  computing  power  has  provided  the 
basis  for  molecular  dynamics  simulations  of  systems  containing  several  hundreds 
of  atoms.  These  methods  allow  the  development  of  the  atomic  structure  in  a  sliding 
contact  to  be  analyzed  and  the  forces  to  be  predicted. 

The  most  prominent  observation  of  atomic  friction  is  stick-slip  behavior  with 
the  periodicity  of  the  surface  atomic  lattice.  Semiclassical  models  can  explain 
experimental  findings,  including  the  velocity  dependence,  which  is  a  consequence 
of  the  thermal  activation  of  slip  events.  Classical  continuum  mechanics  can  also 
describe  the  load  dependence  of  friction  in  contacts  with  an  extension  of  several 
tens  of  nanometers.  However,  when  we  try  to  apply  continuum  mechanics  to 
contacts  formed  at  just  ten  atoms,  obviously  wrong  numbers  result  (for  the  contact 
radius  for  instance).  Only  comparison  with  atomistic  simulations  can  provide  a  full, 
meaningful  picture  of  the  physical  parameters  of  such  sliding  contacts.  These 
simulations  predict  a  close  connection  between  wear  and  friction,  in  particular  the 
transfer  of  atoms  between  surface  and  tip,  which  in  some  cases  can  even  lower  the 
friction  in  a  process  of  self-lubrication. 

First  experiments  have  succeeded  in  studying  the  onset  of  wear  with  atomic 
resolution.  Research  into  microscopic  wear  processes  will  certainly  grow  in 
importance  as  nanostructures  are  produced  and  their  mechanical  properties 
exploited.  Simulations  of  such  processes  involving  the  transfer  of  thousands 
of  atoms  will  become  feasible  with  further  increases  in  computing  power. 
Another  aspect  of  nanotribology  is  the  expansion  of  atomic  friction  experiments 
toward  surfaces  with  well-defined  roughnesses.  In  general,  the  problem  of 
bridging  the  gap  between  single-asperity  experiments  on  well-defined  surfaces 
and  macroscopic  friction  should  be  approached,  both  experimentally  and  via 
modeling. 
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Chapter  16 

Scale  Effect  in  Mechanical  Properties 

and  Tribology 

Bharat  Bhushan  and  Michael  Nosonovsky 


Abstract  A  model,  which  explains  scale  effects  in  mechanical  properties  and 
tribology  is  presented.  Mechanical  properties  are  scale  dependent  based  on  the 
strain  gradient  plasticity  and  the  effect  of  dislocation-assisted  sliding.  Both  single 
asperity  and  multiple  asperity  contacts  are  considered.  The  relevant  scaling  length 
is  the  nominal  contact  length  -  contact  diameter  for  a  single-asperity  contact,  and 
scan  length  for  multiple-asperity  contacts.  For  multiple  asperity  contacts,  based 
on  an  empirical  power-rule  for  scale  dependence  of  roughness,  contact  parameters 
are  calculated.  The  effect  of  load  on  the  contact  parameters  and  the  coefficient 
of  friction  is  also  considered.  During  sliding,  adhesion  and  two-  and  three-body 
deformation,  as  well  as  ratchet  mechanism,  contribute  to  the  dry  friction  force. 
These  components  of  the  friction  force  depend  on  the  relevant  real  areas  of 
contact  (dependent  on  roughness  and  mechanical  properties),  average  asperity 
slope,  number  of  trapped  particles,  and  shear  strength  during  sliding.  Scale 
dependence  of  the  components  of  the  coefficient  of  friction  is  studied.  A  scale 
dependent  transition  index,  which  is  responsible  for  transition  from  predomi- 
nantly elastic  adhesion  to  plastic  deformation  has  been  proposed.  Scale  depen- 
dence of  the  wet  friction,  wear,  and  interface  temperature  has  been  also  analyzed. 
The  proposed  model  is  used  to  explain  the  trends  in  the  experimental  data  for 
various  materials  at  nanoscale  and  microscale,  which  indicate  that  nanoscale 
values  of  coefficient  of  friction  are  lower  than  the  microscale  values  due  to  an 
increase  of  the  three-body  deformation  and  transition  from  elastic  adhesive 
contact  to  plastic  deformation. 


16.1     Nomenclature 

a,  a,  ao,  flmax,  flmax^  Contact  radius,  mean  contact  radius,  macroscale  value  of  mean 
contact  radius,  maximum  contact  radius,  mean  value  of  maximum  contact  radius 

Aa,  Ar,  Ara,  Are,  Are0,  A,p,  Ajpo*  Ads,  Adp:  Apparent  area  of  contact,  real  area  of 
contact,  real  area  of  contact  during  adhesion,  real  area  of  elastic  contact,  macroscale 
value  of  real  area  of  elastic  contact,  real  area  of  plastic  contact,  macroscale  value 


B.  Bhushan  (ed.),  Nanotribology  and  Nanomechanics,  293 

DOI  10.1007/978-3-642-15263-4_16,  ©  Springer- Verlag  Berlin  Heidelberg  2011 


294  B.  Bhushan  and  M.  Nosonovsky 

of  real  area  of  plastic  contact,  real  area  of  contact  during  asperity  summit  deforma- 
tion, area  of  contact  with  particles 

b:  Burgers  vector 

c:  Constant,  specified  by  crystal  structure 

Co:  Constant  required  for  normalization  of  p(d) 

d,ds,,dn,din,d,d():  Particle  diameter,  minimum  for  exponential  distribution, 
mean  for  normal  distribution,  exponential  of  mean  of  In  (d)  for  log-normal  distri- 
bution, mean  trapped  particles  diameter,  macroscale  value  of  mean  trapped  parti- 
cles diameter 

D:  Interface  zone  thickness 

Ei,  E2,  E ' :  Elastic  moduli  of  contacting  bodies,  effective  elastic  modulus 

E,  Ea,  Ed,  Fae,  Fap,  Fa,  Eds,  Fdp,  Fm,  Fm0:  Friction  force,  friction  force  due  to 
adhesion,  friction  force  due  to  deformation,  friction  force  during  elastic  adhe- 
sional  contact,  plastic  adhesional  contact,  summit  deformation,  particles  deforma- 
tion respectively,  meniscus  force  for  wet  contact,  macroscale  value  of  meniscus 
force 

G:  Elastic  shear  modulus 

h:  Indentation  depth 

h{:  Liquid  film  thickness 

H,  HQ:  Hardness,  hardness  in  absence  of  strain  gradient 

k,  k0:  Wear  coefficient,  macroscale  value  of  wear  coefficient 

/s,  ld:  Material-specific  characteristic  length  parameters 

L,  Liwl,  Llc,  Ls,  Ld:  Length  of  the  nominal  contact  zone,  long  wavelength  limit  for 
roughness  parameters,  long  wavelength  limit  for  contact  parameters,  length  para- 
meters related  to  /s  and  ld 

Lp:  Peclet  number 

m,  n:  Indices  of  exponents  for  scale-dependence  of  a  and  /?' 

ntI:  Number  of  trapped  particles  divided  by  the  total  number  of  particles 

Pa,  Pac'-  Apparent  pressure,  critical  apparent  pressure 

p(d),pu(d):  Probability  density  function  for  particle  size  distribution,  probability 
density  function  for  trapped  particle  size  distribution 

P (d):  Cumulative  probability  distribution  for  particle  size 

R,  Rv,Rp,RpQ:  Effective  radius  of  summit  tips,  radius  of  summit  tip,  mean 
radius  of  summit  tips,  macroscale  value  of  the  mean  radius  of  summit  tips 

7?(t):  Autocorrelation  function 

s:  Spacing  between  slip  steps  on  the  indentation  surface 

sd:  Separation  distance  between  reference  planes  of  two  surfaces  in  contact 

N,  Ntf.  Total  number  of  contacts,  macroscale  value  of  total  number  of  contacts 

T,  T0:  Maximum  flash  temperature  rise,  macroscale  value  of  temperature  rise 

x:  Sliding  distance 

v:  Volume  of  worn  material 

V:  Sliding  velocity 

W:  Normal  load 
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z,  zmin,  zmax:  Random  variable,  minimum  and  maximum  value  of  z 
a:  Probability  for  a  particle  in  the  border  zone  to  leave  the  contact  region 
P  ,  Pq\  Correlation  length,  macroscale  value  of  correlation  length 
y:  Surface  tension 
T:  Gamma  function 
e:  Strain 

r\:  Density  of  particles  per  apparent  area  of  contact 

T/inb  ?7cr-  Density  of  dislocation  lines  per  interface  area,  critical  density  of 
dislocation  lines  per  interface  area 
k:  Curvature 
Kt:  Thermal  diffusivity 

0:  Contact  angle  between  the  liquid  and  surface 
0;:  Indentation  angle 
0r:  Roughness  angle 

/*;  /*a>  r-ACj  MaeO>  /*ap?  /*apO?  AM>  Mds>  MdsO*  ^dp>  /-MpO*  H'n  H-ii)>  Mre>  /^reO?  r-rpi  MrpO  Pwet- 

Coefficient  of  friction,  coefficient  of  adhesional  friction,  coefficient  of  adhesional 
elastic  friction,  macroscale  value  of  coefficient  of  adhesional  elastic  friction, 
coefficient  of  adhesional  plastic  friction,  macroscale  value  of  coefficient  of  adhe- 
sional plastic  friction,  coefficient  of  deformation  friction,  coefficient  of  summits 
deformation  friction,  macroscale  value  of  coefficient  of  summits  deformation 
friction,  coefficient  of  particles  deformation  friction,  macroscale  value  of  coeffi- 
cient of  particles  deformation  friction,  ratchet  component  of  the  coefficient  of 
friction,  macroscale  value  of  ratchet  component  of  the  coefficient  of  friction,  ratchet 
component  of  the  coefficient  of  elastic  friction,  macroscale  value  of  ratchet  com- 
ponent of  the  coefficient  of  elastic  friction,  ratchet  component  of  the  coefficient  of 
plastic  friction,  macroscale  value  of  ratchet  component  of  the  coefficient  of  plastic 
friction,  and  coefficient  of  wet  friction 

Vi,  v2:  Poisson's  ratios  of  contacting  bodies 

pcp:  Volumetric  specific  heat 

er,  a0,  <7e,  <7n,  <Tin:  Standard  deviation  of  rough  surface  profile  height,  macroscale 
value  of  standard  deviation  of  rough  surface  profile  height,  standard  deviation  for 
the  exponential  distribution,  standard  deviation  for  the  normal  distributions,  stan- 
dard deviation  for  In  (d)  of  the  log  normal  distribution 

P>  Pg>  Ps'-  Total  density  of  dislocation  lines  per  volume,  density  of  GND  per 
volume,  density  of  SSD  per  volume 

<fi,  <j>0:  Transition  index,  macroscale  value  of  transition  index 

t,  To:  Spatial  parameter,  value  at  which  the  autocorrelation  function  decays 

Ta;  Ta0>  ty,  Tyo*  Tds>  Tds05  Tdp>  TdpO>  Tp-  Adhesional  shear  strength  during  sliding, 
macroscale  value  of  adhesional  shear  strength,  shear  yield  strength,  shear  yield 
strength  in  absence  of  strain  gradient,  shear  strength  during  summits  deformation, 
macroscale  value  of  shear  strength  during  summits  deformation,  shear  strength 
during  particles  deformation,  macroscale  value  of  shear  strength  during  particles 
deformation,  Peierls  stress. 
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16.2     Introduction 

Microscale  and  nanoscale  measurements  of  tribological  properties,  which  became 
possible  due  to  the  development  of  the  surface  force  apparatus  (SFA),  atomic  force 
microscope  (AFM),  and  friction  force  microscope  (FFM)  demonstrate  scale  depen- 
dence of  adhesion,  friction,  and  wear  as  well  as  mechanical  properties  including 
hardness  [1—4].  Advances  of  micro-/nanoelectromechanical  systems  (MEMS/ 
NEMS)  technology  in  the  past  decade  make  understanding  of  scale  effects  in 
adhesion,  friction,  and  wear  especially  important,  since  surface  to  volume  ratio 
grows  with  miniaturization  and  surface  phenomena  dominate.  Dimensions  of 
MEMS/NEMS  devices  range  from  rs  1  mm  to  few  nm. 

Experimental  studies  of  scale  dependence  of  tribological  phenomena  have  been 
conducted  recently.  AFM  experiments  provide  data  on  nanoscale  [5,  6,  7,  8,  9,  10] 
whereas  microtriboapparatus  [11,  12]  and  SFA  [13]  provide  data  on  microscale. 
Experimental  data  indicate  that  wear  mechanisms  and  wear  rates  are  different  at 
macro-  and  micro-/nanoscales  [14,  15].  During  sliding,  the  effect  of  operating 
conditions  such  as  load  and  velocity  on  friction  and  wear  are  frequently  manifesta- 
tions of  the  effect  of  temperature  rise  on  the  variable  under  study.  The  overall 
interface  temperature  rise  is  a  cumulative  result  of  numerous  flash  temperature  rises 
at  individual  asperity  contacts.  The  temperature  rise  at  each  contact  is  expected 
to  be  scale  dependent,  since  it  depends  on  contact  size,  which  is  scale  dependent. 

Friction  is  a  complex  phenomenon,  which  involves  asperity  interactions  involving 
adhesion  and  deformation  (plowing)  (Fig.  16.1).  Adhesion  and  plastic  deformation 
imply  energy  dissipation,  which  is  responsible  for  friction.  A  contact  between  two 
bodies  takes  place  on  high  asperities,  and  the  real  area  of  contact  (Ar)  is  a  small 
fraction  of  the  apparent  area  of  contact  [16].  During  contact  of  two  asperities,  a  lateral 
force  may  be  required  for  asperities  of  a  given  slope  to  climb  against  each  other.  This 
mechanism  is  known  as  ratchet  mechanism,  and  it  also  contributes  to  the  friction. 
Wear  and  contaminant  particles  present  at  the  interface,  referred  as  the  third  body, 
also  contribute  to  friction  (Fig.  16.2a).  In  addition,  during  contact,  even  at  low 
humidity,  a  meniscus  is  formed.  Generally,  any  liquid  that  wets  or  has  a  small  contact 
angle  on  surfaces  will  condense  from  vapor  into  cracks  and  pores  on  surfaces  as  bulk 
liquid  and  in  the  form  of  annular- shaped  capillary  condensate  in  the  contact  zone. 
Figure  16.2b  shows  a  random  rough  surface  in  contact  with  a  smooth  surface  with  a 
continuous  liquid  film  on  the  smooth  surface.  The  presence  of  the  liquid  film  of  the 
condensate  or  preexisting  film  of  the  liquid  can  significantly  increase  the  adhesion 
between  the  solid  bodies  [16].  The  effect  of  meniscus  is  scale-dependent. 

A  quantitative  theory  of  scale  effects  in  friction  should  consider  scale  effect  on 
physical  properties  relevant  to  these  contributions.  However,  conventional  theories 
of  contact  and  friction  lack  characteristic  length  parameters,  which  would  be 
responsible  for  scale  effects.  The  linear  elasticity  and  conventional  plasticity 
theories  are  scale-invariant  and  do  not  include  any  material  length  scales.  A  strain 
gradient  plasticity  theory  has  been  developed,  for  microscale  deformations,  by 
Fleck  et  al.  [17],  Nix  and  Gao  [18]  and  Hutchinson  [19].  Their  theory  predicts  a 
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Fig.  16.1    (a)  A  block 
diagram  showing  friction 
mechanisms  and  generation 
and  propagation  of 
dislocations  during  sliding, 
(b)  a  block  diagram  of  rough 
contact  models 
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dependence  of  mechanical  properties  on  the  strain  gradient,  which  is  scale  depen- 
dent: the  smaller  is  the  size  of  the  deformed  region,  the  greater  is  the  gradient  of 
plastic  strain,  and,  the  greater  is  the  yield  strength  and  hardness. 

A  comprehensive  model  of  scale  effect  in  friction  including  adhesion,  two-  and 
three-body  deformations  and  the  ratchet  mechanism,  has  recently  been  proposed  by 
Bhushan  and  Nosonovsky  [20,  21,  22]  and  Nosonovsky  and  Bhushan  [23].  The 
model  for  adhesional  friction  during  single  and  multiple  asperity  contact  was 
developed  by  Bhushan  and  Nosonovsky  [20]  and  is  based  on  the  strain  gradient 
plasticity  and  dislocation  assisted  sliding  (gliding  dislocations  at  the  interface  or 
microslip).  The  model  for  the  two-body  and  three-body  deformation  was  proposed 
by  Bhushan  and  Nosonovsky  [21]  and  for  the  ratchet  mechanism  by  Nosonovsky 
and  Bhushan  [23].  The  model  has  been  extended  for  wet  contacts,  wear  and 
interface  temperature  by  Bhushan  and  Nosonovsky  [22].  The  detailed  model  is 
presented  in  this  chapter. 

The  chapter  is  organized  as  follows.  In  the  next  section  of  this  chapter,  the 
scale  effect  in  mechanical  properties  is  considered,  including  yield  strength 
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Fig.  16.2    Schematics  of  (a) 
two-bodies  and  three-bodies 
during  dry  contact  of  rough 
surfaces,  (b)  formation  of 
menisci  during  wet  contact 
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and  hardness  based  on  the  strain  gradient  plasticity  and  shear  strength  at  the 
interface  based  on  the  dislocation  assisted  sliding  (microslip).  In  the  fourth 
section,  scale  effect  in  surface  roughness  and  contact  parameters  is  considered, 
including  the  real  area  of  contact,  number  of  contacts,  and  mean  size  of  contact. 
Load  dependence  of  contact  parameters  is  also  studied  in  this  section.  In  the  fifth 
section,  scale  effect  in  friction  is  considered,  including  adhesion,  two-  and  three- 
body  deformation,  ratchet  mechanism,  meniscus  analysis,  total  value  of  the 
coefficient  of  friction  and  comparison  with  the  experimental  data.  In  the  sixth 
and  seventh  sections,  scale  effects  in  wear  and  interface  temperature  are  analyzed, 
respectively. 
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16.3     Scale  Effect  in  Mechanical  Properties 

In  this  section,  scale  dependence  of  hardness  and  shear  strength  at  the  interface  is 
considered.  A  strain  gradient  plasticity  theory  has  been  developed,  for  microscale 
deformations,  by  Fleck  et  al.  [17],  Nix  and  Gao  [18],  Hutchinson  [19],  and  others, 
which  is  based  on  statistically  stored  and  geometrically  necessary  dislocations  (to 
be  described  later).  Their  theory  predicts  a  dependence  of  mechanical  properties  on 
the  strain  gradient,  which  is  scale  dependent:  the  smaller  is  the  size  of  the  deformed 
region,  the  greater  is  the  gradient  of  plastic  strain,  and,  the  greater  is  the  yield 
strength  and  hardness.  Gao  et  al.  [24]  and  Huang  et  al.  [25]  proposed  a  mechanism- 
based  strain  gradient  (MSG)  plasticity  theory,  which  is  based  on  a  multiscale 
framework,  linking  the  microscale  (10-100  nm)  notion  of  statistically  stored  and 
geometrically  necessary  dislocations  to  the  mesoscale  (1-10  um)  notion  of  plastic 
strain  and  strain  gradient.  Bazant  [26]  analyzed  scale  effect  based  on  the  MSG 
plasticity  theory  in  the  limit  of  small  scale,  and  found  that  corresponding  nominal 
stresses  in  geometrically  similar  structures  of  different  sizes  depend  on  the  size 
according  to  a  power  exponent  law. 

It  was  recently  suggested  also,  that  relative  motion  of  two  contacting  bodies 
during  sliding  takes  place  due  to  dislocation-assisted  sliding  (microslip),  which 
results  in  scale-dependent  shear  strength  at  the  interface  [20].  Scale  effects  in 
mechanical  properties  (yield  strength,  hardness,  and  shear  strength  at  the  interface) 
based  on  the  strain  gradient  plasticity  and  dislocation-assisted  sliding  models  are 
considered  in  this  section. 


16.3.1     Yield  Strength  and  Hardness 

Plastic  deformation  occurs  during  asperity  contacts  because  a  small  real  area  of 
contact  results  in  high  contact  stresses,  which  are  often  beyond  the  limits  of  the 
elasticity.  As  stated  earlier,  during  loading,  generation  and  propagation  of  disloca- 
tions is  responsible  for  plastic  deformation.  Because  dislocation  motion  is  irrevers- 
ible, plastic  deformation  provides  a  mechanism  for  energy  dissipation  during 
friction.  The  strain  gradient  plasticity  theories  [17,  18,  19]  consider  two  types  of 
dislocations:  randomly  created  statistically  stored  dislocations  (SSD)  and  geomet- 
rically necessary  dislocations  (GND).  The  GND  are  required  for  strain  compatibil- 
ity reasons.  Randomly  created  SSD  during  shear  and  GND  during  bending  are 
presented  in  Fig.  16.3a.  The  density  of  the  GND  (total  length  of  dislocation  lines  per 
volume)  during  bending  is  proportional  to  the  curvature  k  and  to  the  strain  gradient 

k      1  ds 
Pa=-h  =  -hFz^^  (16.1) 

where  e  is  strain,  b  is  the  Burgers  vector,  and  Ve  is  the  strain  gradient. 
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Fig.  16.3    (a)  Illustration  of 
statistically  stored 
dislocations  during  shear  and 
geometrically  necessary 
dislocations  during  bending, 
(b)  geometrically  necessary 
dislocations  during 
indentation 
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The  GND  during  indentation  (Fig.  16.3b)  are  located  in  a  certain  sub-surface 
volume.  The  large  strain  gradients  in  small  indentations  require  GND  to  account  for 
the  large  slope  at  the  indented  surface.  SSD,  not  shown  here,  also  would  be  created 
and  would  contribute  to  deformation  resistance,  and  are  function  of  strain  rather 
than  strain  gradient.  According  to  Nix  and  Gao  [18],  we  assume  that  indentation  is 
accommodated  by  circular  loops  of  GND  with  Burgers  vector  normal  to  the  plane 
of  the  surface.  If  we  think  of  the  individual  dislocation  loops  being  spaced  equally 
along  the  surface  of  the  indentation,  then  the  surface  slope 


tanfJi 


(16.2) 


where  6;  is  the  angle  between  the  surface  of  the  conical  indenter  and  the  plane  of 
the  surface,  a  is  the  contact  radius,  h  is  the  indentation  depth,  b  is  the  Burgers 
vector,  and  s  is  the  spacing  between  individual  slip  steps  on  the  indentation  surface 
(Fig.  16.3b).  They  reported  that  for  geometrical  (strain  compatibility)  considera- 
tions, the  density  of  the  GND  is 
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(16.3) 


Thus  pG  is  proportional  to  strain  gradient  (scale  dependent)  whereas  the  density 
of  SSD,  ps  is  dependent  upon  the  average  strain  in  the  indentation,  which  is  related 
to  the  slope  of  the  indenter  (tan  0;).  Based  on  experimental  observations,  ps  is 
approximately  proportional  to  strain  [17]. 

According  to  the  Taylor  model  of  plasticity  [30],  dislocations  are  emitted 
from  Frank-Read  sources.  Due  to  interaction  with  each  other,  the  dislocations 
may  become  stuck  in  what  is  called  the  Taylor  network,  but  when  externally 
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applied  stress  reaches  the  order  of  Peierls  stress  for  the  dislocations,  they  start 
to  move  and  the  plastic  yield  is  initiated.  The  magnitude  of  the  Peierls  stress  rp  is 
proportional  to  the  dislocation's  Burgers  vector  b  divided  by  a  distance  between 
dislocation  lines  s  [27,  28] 

xv=Gb/{2ns),  (16.4) 

where  G  is  the  elastic  shear  modulus.  An  approximate  relation  of  the  shear  yield 
strength  ty  to  the  dislocations  density  at  a  moment  when  yield  is  initiated  is  given 
by  [27] 

tYo  =  cGb/s  =  cGby/p,  (16.5) 

where  c  is  a  constant  on  the  order  of  unity,  specified  by  the  crystal  structure  and  p  is 
the  total  length  of  dislocation  lines  per  volume,  which  is  a  complicated  function  of 
strain  s  and  strain  gradient  (Ve) 

p  =  Ps(£)+pc(Vz).  (16.6) 

The  shear  yield  strength  ty  can  be  written  now  as  a  function  of  SSD  and  GND 
densities  [30] 

ty  =  cGby/ps  +  pG  =  Tyov/H-~(Po7ps).  (16.7) 

where 

ty0  =  cGb^pl  (16.8) 

is  the  shear  yield  strength  value  in  the  limit  of  small  palps  ratio  (large  scale)  that 
would  arise  from  the  SSD,  in  the  absence  of  GND.  Note  that  the  ratio  of  the  two 
densities  is  defined  by  the  problem  geometry  and  is  scale  dependent.  Based  on  the 
relationships  for  pc  (16.3)  and  ps,  the  ratio  pdps  is  inversely  proportional  to  a 
and  (16.7)  reduces  to 


ty 


Wl  +  (V«),  (16.9) 


where  ld  is  a  plastic  deformation  length  that  characterizes  depth  dependence  on 
shear  yield  strength.  According  to  Hutchinson  [19],  this  length  is  physically  related 
to  an  average  distance  a  dislocation  travels,  which  was  experimentally  determined 
to  be  between  0.2  and  5  urn  for  copper  and  nickel.  Note  that  /d  is  a  function  of  the 
material  and  the  asperity  geometry  and  is  dependent  on  SSD. 

Using  von  Mises  yield  criterion,  hardness  H  =  3-\/3ty.  From  (16.9)  the  hardness 
is  also  scale-dependent  [18] 

//  =  /Wl  +  (Va),  (16.10) 
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Fig.  16.4    Indentation 
hardness  as  a  function  of 
residual  indentation  depth 
forSi(100)[30],Al(100)[31], 
Cu(lll)[32] 
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where  H0  is  hardness  in  absence  of  strain  gradient.  Equation  (16.9)  provides 
dependence  of  the  resistance  force  to  deformation  upon  the  scale  in  a  general 
case  of  plastic  deformation  [20] . 

Scale  dependence  of  yield  strength  and  hardness  has  been  well  established 
experimentally.  Bhushan  and  Koinkar  [29]  and  Bhushan  et  al.  [30]  measured 
hardness  of  single-crystal  silicon(lOO)  up  to  a  peak  load  of  500  uN.  Kulkarni  and 
Bhushan  [31]  measured  hardness  of  single  crystal  aluminum(lOO)  up  to  2000  u.N 
and  Nix  and  Gao  [18]  presented  data  for  single  crystal  copper;  using  a  three-sided 
pyramidal  (Berkovich)  diamond  tip.  The  hardness  on  nanoscale  is  found  to  be 
higher  than  on  microscale  (Fig.  16.4).  Similar  results  have  been  reported  in  other 
tests,  including  indentation  tests  for  other  materials  [32,  33,  34],  torsion  and  tension 
experiments  on  copper  wires  [17,  19],  and  bending  experiments  on  silicon  and  silica 
beams  [35]. 


16.3.2     Shear  Strength  at  the  Interface 


Mechanism  of  slip  involves  motion  of  large  number  of  dislocations,  which  is 
responsible  for  plastic  deformation  during  sliding.  Dislocations  are  generated  and 
stored  in  the  body  and  propagate  under  load.  There  are  two  modes  of  possible  line 
(or  edge)  dislocation  motion:  gliding,  when  dislocation  moves  in  the  direction  of  its 
Burgers  vector  b  by  a  unit  step  of  its  magnitude,  and  climbing,  when  dislocation 
moves  in  a  direction,  perpendicular  to  its  Burgers  vector  (Fig.  16.5a).  Motion  of 
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Fig.  16.5    (a)  Schematics  of 
gliding  and  climbing 
dislocations  motion  by  a  unit 
step  of  Burgers  vector  b.  (b) 
Origin  of  the  periodic  force 
acting  upon  a  gliding 
dislocation  (Peierls  force). 
Gliding  dislocation  passes 
locations  of  high  and  low 
potential  energy 
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dislocations  can  take  place  in  the  bulk  of  the  body  or  at  the  interface.  Due  to 
periodicity  of  the  lattice,  a  gliding  dislocation  experiences  a  periodic  force,  known 
as  the  Peierls  force  [31].  The  Peierls  force  is  responsible  for  keeping  the  dislocation 
at  a  central  position  between  symmetric  lattice  lines  and  it  opposes  dislocation's 
gliding  (Fig.  16.5b).  Therefore,  an  external  force  should  be  applied  to  overcome 
Peierls  force  resistance  against  dislocation's  motion.  Weertman  [36]  showed  that  a 
dislocation  or  a  group  of  dislocations  can  glide  uniformly  along  an  interface 
between  two  bodies  of  different  elastic  properties.  In  continuum  elasticity  formula- 
tion, this  motion  is  equivalent  to  a  propagating  interface  slip  pulse,  however  the 
physical  nature  of  this  deformation  is  plastic,  because  dislocation  motion  is  irre- 
versible. The  local  plastic  deformation  can  occur  at  the  interface  due  to  concentra- 
tion of  dislocations  even  in  the  predominantly  elastic  contacts.  Gliding  of  a 
dislocation  along  the  interface  results  in  a  relative  displacement  of  the  bodies  for 
a  distance  equal  to  the  Burgers  vector  of  the  dislocation,  whereas  a  propagating  set 
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Fig.  16.6    Schematic 
showing  microslip  due  to 
gliding  dislocations  at  the 
interface 


1 

/ 

of  dislocations  effectively  results  in  dislocation-assisted  sliding,  or  microslip 
(Fig.  16.6). 

Several  types  of  microslip  are  known  in  the  tribology  literature  [16],  the  dislo- 
cation-assisted sliding  is  one  type  of  microslip,  which  propagates  along  the  inter- 
face. Conventional  mechanism  of  sliding  is  considered  to  be  concurrent  slip  with 
simultaneous  breaking  of  all  adhesive  bonds.  Based  on  Johnson  [37]  and  Bhushan 
and  Nosonovsky  [20],  for  contact  sizes  on  the  order  of  few  nm  to  few  um, 
dislocation-assisted  sliding  is  more  energetically  profitable  than  a  concurrent  slip. 
Their  argument  is  based  on  the  fact  that  experimental  measurements  with  the  SFA 
demonstrated  that,  for  mica,  frictional  stress  is  of  the  same  order  as  Peierls  stress, 
which  is  required  for  gliding  of  dislocations. 

Polonsky  and  Keer  [38]  considered  the  preexisting  dislocation  sources  and 
carried  out  a  numerical  microcontact  simulation  based  on  contact  plastic  deforma- 
tion representation  in  terms  of  discrete  dislocations.  They  found  that  when  the 
asperity  size  decreases  and  becomes  comparable  with  the  characteristic  length  of 
materials  microstructure  (distance  between  dislocation  sources),  resistance  to  plas- 
tic deformation  increases,  which  supports  conclusions  drawn  from  strain  gradi- 
ent plasticity.  Deshpande  et  al.  [39]  conducted  discrete  plasticity  modeling  of 
cracks  in  single  crystals  and  considered  dislocation  nucleation  from  Frank-Read 
sources  distributed  randomly  in  the  material.  Pre-existing  sources  of  dislocations, 
considered  by  all  of  these  authors,  are  believed  to  be  a  more  realistic  reason  for 
increasing  number  of  dislocations  during  loading,  rather  than  newly  nucleated 
dislocations  [30].  In  general,  dislocations  are  emitted  under  loads  from  preexisting 
sources  and  propagate  along  slip  lines  (Fig.  16.7).  As  shown  in  the  figure,  in  regions 
of  higher  loads,  number  of  emitted  dislocations  is  higher.  Their  approach  was 
limited  to  numerical  analysis  of  special  cases. 

Bhushan  and  Nosonovsky  [20]  considered  a  sliding  contact  between  two  bodies. 
Slip  along  the  contact  interface  is  an  important  special  case  of  plastic  deformation. 
The  local  dislocation-assisted  microslip  can  exist  even  if  the  contact  is  predomi- 
nantly elastic  due  to  concentration  of  dislocations  at  the  interface.  Due  to  these 
dislocations,  the  stress  at  which  yield  occurs  at  the  interface  is  lower  than  shear 
yield  strength  in  the  bulk.  This  means  that  average  shear  strength  at  the  interface  is 
lower  than  in  the  bulk. 
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Fig.  16.7    Generation  of 
dislocations  from  sources  (*) 
during  plowing  due  to  plastic 
deformation 


* 

* 

An  assumption  that  all  dislocations  produced  by  externally  applied  forces  are 
distributed  randomly  throughout  the  volume  would  result  in  vanishing  small  prob- 
ability for  a  dislocation  to  be  exactly  at  the  interface.  However,  many  traveling 
(gliding  and  climbing)  dislocations  will  be  stuck  at  the  interface  as  soon  as  they 
reach  it.  As  a  result  of  this,  a  certain  number  of  dislocations  will  be  located  at  the 
interface.  In  order  to  account  for  a  finite  dislocation  density  at  the  interface, 
Bhushan  and  Nosonovsky  [20]  assumed,  that  the  interface  zone  has  a  finite  thick- 
ness D.  Dislocations  within  the  interface  zone  may  reach  the  contact  surface  due  to 
climbing  and  contribute  into  the  microslip.  In  the  case  of  a  small  contact  radius  a, 
compared  to  interface  zone  thickness  D,  which  is  scale  dependent,  and  is  approxi- 
mately equal  to  a.  However,  in  the  case  of  a  large  contact  radius,  the  interface  zone 
thickness  is  approximately  equal  to  the  average  distance  dislocations  can  climb  /s. 
An  illustration  of  this  is  provided  in  Fig.  16.8.  The  depth  of  the  subsurface  volume, 
from  which  dislocations  have  a  high  chance  to  reach  the  interface  is  limited  by  /s 
and  by  a,  respectively,  for  the  two  cases  considered  here.  Based  on  these  geometri- 
cal considerations,  an  approximate  relation  can  be  written  as 


D  = 


ah 

h  +  a 


(16.11) 


The  interface  density  of  dislocations  (total  length  of  dislocation  lines  per  inter- 
face area)  is  related  to  the  volume  density  as 


Vint  =  PD  =  P 


ah 


ls  +  a 


(16.12) 


During  sliding,  dislocations  must  be  generated  at  the  interface  with  a  certain 
critical  density  r)mt  =  r)a.  The  corresponding  shear  strength  during  sliding  can  be 
written  following  (16.9)  as 


^aoV1  +  (h/a), 


(16.13) 
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Fig.  16.8    Gliding 
dislocations  at  the  interface 
generated  from  sources  (*). 
Only  dislocations  generated 
within  the  interface  zone  can 
reach  the  interface,  (a)  For  a 
large  contact  radius  a, 
thickness  of  this  zone  D  is 
approximately  equal  to  an 
average  distance  dislocations 
climb  /s.  (b)  For  small  contact 
radius  a,  the  thickness  of  the 
interface  zone  is 
approximately  equal  to  a 
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where 


Ta0  =  cGb. 


(16.14) 


is  the  shear  strength  during  sliding  in  the  limit  of  a  ^  /s. 

Equation  (16.13)  gives  scale-dependence  of  the  shear  strength  at  the  interface 
and  is  based  on  the  following  assumptions.  First,  it  is  assumed  that  only  dislocations 
in  the  interface  zone  of  thickness  D,  given  by  (16.11),  contribute  into  sliding. 
Second,  it  is  assumed,  that  a  critical  density  of  dislocations  at  the  interface  rjCI  is 
required  for  sliding.  Third,  the  shear  strength  is  equal  to  the  Peierls  stress,  which  is 
related  to  the  volume  density  of  the  dislocations  p  =  i]/D  according  to  (16.4),  with 
the  typical  distance  between  dislocations  s—  l/y/p.  It  is  noted,  that  proposed 
scaling  rule  for  the  dislocation  assisted  sliding  mechanism  (16.13)  has  a  similar 
form  to  that  for  the  yield  strength  (16.9),  since  both  results  are  consequences  of 
scale  dependent  generation  and  propagation  of  dislocations  under  load  [20]. 


16.4     Scale  Effect  in  Surface  Roughness  and  Contact  Parameters 


During  multiple-asperity  contact,  scale  dependence  of  surface  roughness  is  a  factor 
which  contributes  to  scale  dependence  of  the  real  area  of  contact.  Roughness 
parameters  are  known  to  be  scale  dependent  [16],  which  results,  during  the  contact 


16     Scale  Effect  in  Mechanical  Properties  and  Tribology 


307 


of  two  bodies,  in  scale  dependence  of  the  real  area  of  contact,  number  of  contacts 
and  mean  contact  size.  The  contact  parameters  also  depend  on  the  normal  load,  and 
the  load  dependence  is  similar  to  the  scale  dependence  [23].  Both  effects  are 
analyzed  in  this  section. 


16.4.1     Scale  Dependence  of  Roughness  and  Contact  Parameters 

A  random  rough  surface  with  Gaussian  height  distribution  is  characterized  by  the 
standard  deviation  of  surface  height  a  and  the  correlation  length  P  [16].  The 
correlation  length  is  a  measure  of  how  quickly  a  random  event  decays  and  it  is 
equal  to  the  length,  over  which  the  autocorrelation  function  drops  to  a  small  fraction 
of  the  value  at  the  origin.  The  correlation  length  can  be  considered  as  a  distance,  at 
which  two  points  on  a  surface  have  just  reached  the  condition  where  they  can  be 
regarded  as  being  statistically  independent.  Thus,  a  is  a  measure  of  height  distribu- 
tion and  P   is  a  measure  of  spatial  distribution. 

A  surface  is  composed  of  a  large  number  of  length  scales  of  roughness  that  are 
superimposed  on  each  other.  According  to  AFM  measurements  on  glass-ceramic 
disk  surface,  both  a  and  P  initially  increase  with  the  scan  size  and  then  approach 
a  constant  value,  at  certain  scan  size  (Fig.  16.9).  This  result  suggests  that  disk 
roughness  has  a  long  wavelength  limit,  Llwl,  which  is  equal  to  the  scan  size  at  which 
the  roughness  values  approach  a  constant  value  [16].  It  can  be  assumed  that  c  and 
[1   depend  on  the  scan  size  according  to  an  empirical  power  rule 


(To 


If  =  PI 


L 
L 

4wl 


L   <  Llwl, 


(16.15) 


where  n  and  m  are  indices  of  corresponding  exponents  and  er0  and  p0  are  macro- 
scale  values  [20].  Based  on  the  data,  presented  in  Fig.  16.9,  it  is  noted  that  for 


Fig.  16.9    Roughness 
parameters  as  a  function  of 
scan  size  for  a  glass-ceramic 
disk  measured  using 
AFM  [16] 
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glass-ceramic  disk,  long-wavelength  limit  for  a  and  fl  is  «17  and  23  urn,  respec- 
tively. The  difference  is  expected  to  be  due  to  measurement  errors.  An  average  value 
Llwl  =  20  urn  is  taken  here  for  calculations.  The  values  of  the  indices  are  found  as 
m  =  0.5,  n  =  0.2,  and  the  macroscale  values  are  er0  =  5.3  nm,  /?0  =  0.37  urn  [23]. 

For  two  random  surfaces  in  contact,  the  length  of  the  nominal  contact  size  L 
defines  the  characteristic  length  scale  of  the  problem.  The  contact  problem  can  be 
simplified  by  considering  a  rough  surface  with  composite  roughness  parameters 
in  contact  with  a  flat  surface.  The  composite  roughness  parameters  er  and  /?  can  be 
obtained  based  on  individual  values  for  the  two  surfaces  [16].  For  Gaussian 
surfaces,  the  contact  parameters  of  interest,  to  be  discussed  later,  are  the  real 
area  of  contact  Ar,  number  of  contacts  N,  and  mean  contact  radius  a.  The  long 
wavelength  limit  for  scale  dependence  of  the  contact  parameters  £lc,  which  is  not 
necessarily  equal  to  that  of  the  roughness  Llwl  will  be  used  for  normalization 
of  length  parameters.  The  scale  dependence  of  the  contact  parameters  exists  if 
L  <  Llc  [23]. 

The  mean  of  surface  height  distribution  corresponds  to  so-called  reference  plane 
of  the  surface.  Separation  sd  is  a  distance  between  reference  planes  of  two  surfaces 
in  contact,  normalized  by  er.  For  a  given  sd  and  statistical  distribution  of  surface 
heights,  the  total  real  area  of  contact  (Ar),  number  of  contacts  (N),  and  elastic 
normal  load  We  can  be  found,  using  statistical  analysis  of  contacts.  The  real  area  of 
contact,  number  of  contacts  and  elastic  normal  load  are  related  to  the  separation 
distance  sd  [40] 

Ar  oc  FA(sd), 

W0C^Sd)'  (16.16) 

We  oc-— Fw(^d), 

where  FA(sd),  FN(sd),  and  Fw(^d),  are  integral  functions  defined  by  Onions  and 
Arc  hard  [40].  It  should  be  noted,  that  Ar  and  N  as  functions  of  sd  are  prescribed  by 
the  contact  geometry  (er,  /?  )  and  do  not  depend  on  whether  the  contact  is  elastic  or 
plastic.  Based  on  Onions  and  Archard  data,  it  is  observed  that  the  ratio  FW/FA  is 
almost  constant  for  moderate  sd  <  1 .4  and  increases  slightly  for  sd  >  1 .4.  The  ratio 
FA/FN  decreases  rapidly  with  sd  and  becomes  almost  constant  for  sd  >  2.0.  For 
moderate  loads,  the  contact  is  expected  to  occur  on  the  upper  parts  of  the  asperi- 
ties (5d  >2.0),  and  a  linear  proportionality  of  FA(sd),  F^(sa),  and  ^w(-^d)  can  be 
assumed  [20]. 

Based  on  (16.16)  and  the  observation  that  FW/FA  is  almost  constant,  for  moder- 
ate loads,  ATe  (the  real  area  of  elastic  contact),  N,  and  a  are  related  to  the  roughness, 
based  on  the  parameter  Llc,  as 

B*  /  L  \m~" 

AkX~^w"Ak0\u)    '   L<Uci  (16'17) 
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Woe  J^-  =  iVo(  — I        ,     L<Llc,  (16.18) 


P*aE*        "VAc 


(16.19) 


The  mean  radius  of  summit  tips  Rp  is  given,  according  to  Whitehouse  and 
Archard  [41] 

_       (/T)2      _    /  L  \2'"-" 

Rp<x^^  =  Rpo(  —  )       ,     L<Lm,  (16.20) 


hvl 


where  So,  A'o  and  RpQ  are  macroscale  values,  E  is  the  effective  elastic  modulus  of 
contacting  bodies  [22],  which  is  related  to  the  elastic  moduli  Eu  E2  and  Poisson's 
ratios  Vi,  v2  of  the  two  bodies  as  \jE*  =  (l  —  v2)/£i  +  (l  —  \^/)jEi  and  which  is 
known  to  be  scale  independent,  and  variables  with  the  subscript  0  are  corresponding 
macroscale  values  (for  L  >  Llc). 

Dependence  of  the  real  area  of  plastic  contact  Alv  on  the  load  is  given  by 

W 
Arp=~ff,  (16-2D 

where  H  is  hardness.  According  to  the  strain  gradient  plasticity  model  [17,  18], 
the  yield  strength  ty  is  given  by  (16.9)  and  hardness  H  is  given  by  (16.10).  In 
the  case  of  plastic  contact,  the  mean  contact  radius  can  be  determined  from 
(16.19),  which  is  based  on  the  contact  geometry  and  independent  of  load  [20]. 
Assuming  the  contact  radius  as  its  mean  value  from  (16.19)  based  on  elastic 
analysis,  and  combining  (16.10),  (16.19)  and  (16.21),  the  real  area  of  plastic 
contact  is  given  as 


A  W 

'P      H0y/1 +  (ld/a) 


W  r         r 

L<Lk 


(16.22) 


H0y/l  +  (Ed/L)" 
where  Ld  is  a  characteristic  length  parameter  related  to  /d,  a,  and  Llc  [20] 

Ed=Llc(^-\     .  (16.23) 

The  scale  dependence  of  ATe,  N,  and  a  is  presented  in  Fig.  16.10. 
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Fig.  16.10    Scale  length 
dependence  of  normalized 
contact  parameters  (m  =  0.5, 
n  =  0.2)  (a)  real  area  of 
contact,  (b)  number  of 
contacts,  and  (c)  mean  contact 
radius 
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16.4.2    Dependence  of  Contact  Parameters  on  Load 

The  effect  of  short  and  long  wavelength  details  of  rough  surfaces  on  contact 
parameters  also  depends  on  the  normal  load.  For  low  loads,  the  ratio  of  real  to 
apparent  areas  of  contact  AT/Aa,  is  small,  contact  spots  are  small,  and  long  wave- 
length details  are  irrelevant.  For  higher  AJAa,  long  wavelength  details  become 
important,  whereas  small  wavelength  details  of  the  surface  geometry  become 
irrelevant.  The  effect  of  increased  load  is  similar  to  the  effect  of  increased  scale 
length  [23]. 

In  the  preceding  subsections,  it  was  assumed  that  the  roughness  parameters  are 
scale-dependent  for  L  <  Llwh  whereas  the  contact  parameters  are  scale-dependent 
for  L  <  Llc.  The  upper  limit  of  scale  dependence  for  the  contact  parameters  Llc 
depends  on  the  normal  load,  and  it  is  reasonable  to  assume  that  Llc  is  a  function 
of  AT/Aa,  and  the  contact  parameters  are  scale-dependent  when  Ar/Aa  is  below 
a  certain  critical  value.  It  is  convenient  to  consider  the  apparent  pressure  pa, 
which  is  equal  to  the  normal  load  divided  by  the  apparent  area  of  contact  [23]. 

For  elastic  contact,  based  on  (16.15)  and  (16.17),  this  condition  can  be  written  as 


oc 


PP* 


Po  (  L 


oo  \L] 


</?a. 


(16.24) 


16     Scale  Effect  in  Mechanical  Properties  and  Tribology 


311 


where  pac  is  a  critical  apparent  pressure,  below  which  the  scale  dependence  occurs 
[23].  From  (16.24)  one  can  find 


L<Lu 


R*    „    \l/(n-m) 

Po  P» 

&0  Pa 


(16.25) 


The  right-hand  expression  in  (16.24)  is  defined  as  L1( 


L]c  —  L\, 


w\ 


R*     n     \l/("-m) 

Po  P* 
00  Pa 


(16.26) 


For  plastic  contact,  based  on  (16.22) 


•Aip 


oc 


<Pa. 


In  a  similar  manner  to  the  elastic  case,  (16.27)  yields  [23] 


(16.27) 


L\c  —  ^d 


1 


-1/m 


(16.28) 


Load  dependence  of  the  long  wavelength  limit  for  contact  parameters,  Llc  is 
presented  in  Fig.  16.11  for  an  elastic  contact  based  on  (16.28),  and  for  a  plastic 


Fig.  16.11    Dependence  of 
the  normalized  long 
wavelength  limit  for  contact 
parameters  on  load 
(normalized  apparent 
pressure)  for  elastic  and 
plastic  contacts  (m  =  0.5, 
n  =  0.2) 
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contact  based  on  (16.28),  for  m  =  0.5,  n  =  0.2  [23].  The  load  (apparent  pressure)  is 
normalized  by  Po/(Pacffo)  f°r  me  elastic  contact  and  by  pac  for  the  plastic  contact.  In 
the  case  of  elastic  contact,  it  is  observed,  that  the  long  wavelength  limit  decreases 
with  increasing  load.  For  a  problem,  characterized  by  a  given  scale  length  L, 
increase  of  load  will  result  in  decrease  of  Llc  and,  eventually,  the  condition  L  <  Llc 
will  be  violated;  thus  the  contact  parameters,  including  the  coefficient  of  friction, 
will  reach  the  macroscale  values.  Decrease  of  Llc  with  increasing  load  is  also 
observed  in  the  case  of  plastic  contact,  the  data  presented  for  pjpac  >  1 . 


16.5     Scale  Effect  in  Friction 

According  to  the  adhesion  and  deformation  model  of  friction  [16],  the  coefficient 
of  dry  friction  fi  can  be  presented  as  a  sum  of  adhesion  component  fia  and  defor- 
mation (plowing)  component  fid.  The  later,  in  the  presence  of  particles,  is  a  sum  of 
asperity  summits  deformation  component  /ids  and  particles  deformation  compon- 
ent fidp,  so  that  the  total  coefficient  of  friction  is  [21] 


Fa  +  Fds  +  Fdp  _  AraTa  +  Adstds  +  AdpTdp 
W  ~  W 


1  a  ~f  *  ds  ~r  i  dp         ^ra  La  T  **-a&  Lds  ~r  ^dp  Ldp  /1  s  nn\ 

^  =  ^a  +  Aids+^dp= ^r -=■  —^7 '  (16'29) 


where  W  is  the  normal  load,  F  is  the  friction  force,  Ara,  Ads,  Adp  are  the  real  areas  of 
contact  during  adhesion,  two  body  deformation  and  with  particles,  respectively,  and 
t  is  the  shear  strength.  The  subscripts  a,  ds,  and  dp  correspond  to  adhesion,  summit 
deformation  and  particle  deformation. 

In  the  presence  of  meniscus,  the  friction  force  is  given  by 

F  =  n{W  +  Fm),  (16.30) 

where  Fm  is  the  meniscus  force  [16].  The  coefficient  of  friction  in  the  presence 
of  the  meniscus  force,  /.(wet,  is  calculated  using  only  the  applied  normal  load,  as 
normally  measured  in  the  experiments  [22] 

/'wet  =  H  I   1  +  "^ 

.  N  (16.31) 

_^4raTa  +AdsTds  +AdpTdp   /  F„ 


w  \      w 

Equation  (16.31)  shows  that  /iwel  >  fi,  because  Fm  is  not  taken  into  account  for 
calculation  of  the  normal  load  in  the  wet  contact. 

It  was  shown  by  Greenwood  and  Williamson  [42]  and  by  subsequent  modi- 
fications of  their  model,  that  for  contacting  surfaces  with  common  statistical 
distributions  of  asperity  heights,  the  real  area  of  contact  is  almost  linearly  propor- 
tional to  the  normal  load.  This  linear  dependence,  along  with  (16.29),  result  in 
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linear  dependence  of  the  friction  force  on  the  normal  load,  or  coefficient  of  friction 
being  independent  of  the  normal  load.  For  a  review  of  the  numerical  analysis  of 
rough  surface  contacts,  see  Bhushan  [43,  44]  and  Bhushan  and  Peng  [45].  The 
statistical  and  numerical  theories  of  contact  involve  roughness  parameters  -  e.g.  the 
standard  deviation  of  asperity  heights  and  the  correlation  length  [16].  The  rough- 
ness parameters  are  scale  dependent.  In  contrast  to  this,  the  theory  of  self-similar 
(fractal)  surfaces  solid  contact  developed  by  Majumdar  and  Bhushan  [46]  does  not 
include  length  parameters  and  are  scale-invariant  in  principle.  The  shear  strength  of 
the  contacts  in  (16.29)  is  also  scale  dependent.  In  addition  to  the  adhesional 
contribution  to  friction,  elastic  and  plastic  deformation  on  nano-  to  macroscale 
contributes  to  friction  [16].  The  deformations  are  also  scale  dependent. 


16.5.1    Adhesional  Friction 

The  adhesional  component  of  friction  depends  on  the  real  area  of  contact  and 
adhesion  shear  strength.  Here  we  derive  expressions  for  scale  dependence  of 
adhesional  friction  during  single-asperity  and  multiple-asperity  contacts. 


Single-Asperity  Contact 

The  scale  length  during  single-asperity  contact  is  the  nominal  contact  length,  which 
is  equal  to  the  contact  diameter  2a.  In  the  case  of  predominantly  elastic  contacts,  the 
real  area  of  contact  Are  depends  on  the  load  according  to  the  Hertz  analysis  [47] 

Are  =  na2,  (16.32) 

and 

where  R  is  effective  radius  of  curvature  of  summit  tips,  and  E  is  the  effective 
elastic  modulus  of  the  two  bodies.  In  the  case  of  predominantly  plastic  contact,  the 
real  area  of  contact  A,p  is  given  by  (16.21),  whereas  the  hardness  is  given  by 
(16.10). 

Combining  (16.10),  (16.13),  (16.29),  and  (16.32),  the  adhesional  component  of 
the  coefficient  of  friction  can  be  determined  for  the  predominantly  elastic  contact  as 

Mae  =  A'aeoV1  +  (4/«)  (16.34) 
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and  for  the  predominantly  plastic  contact  as 


(16.35) 


where  f.iaeQ  and  ^ap0  are  corresponding  values  at  the  macroscale  [20]. 

The  scale  dependence  of  adhesional  friction  in  single-asperity  contact  is  pre- 
sented in  Fig.  16.12a.  In  the  case  of  single  asperity  elastic  contact,  the  coefficient  of 
friction  increases  with  decreasing  scale  (contact  diameter),  because  of  an  increase 
in  the  adhesion  strength,  according  to  (16.34).  In  the  case  of  single  asperity  plastic 


Fig.  16.12    Normalized 
results  for  the  adhesional 
component  of  the  coefficient 
of  friction,  as  a  function  of 
scale  (o//s  for  single  asperity 
contact  and  L/Llc  for  multi- 
asperity  contact).  In  the  case 
of  single  asperity  plastic 
contact,  data  are  presented  for 
two  values  of  /d//s.  In  the  case 
of  multi-asperity  contact,  data 
are  presented  for  m  =  0.5, 
n  =  0.2.  For  multi-asperity 
elastic  contact,  data  are 
presented  for  three  values 
of  Ls/L]c.  For  multi-asperity 
plastic  contact,  data  are 
presented  for  two  values 
of  LJLS 
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contact,  the  coefficient  of  friction  can  increase  or  decrease  with  decreasing  scale, 
because  of  an  increased  hardness  or  increase  in  adhesional  strength.  The  competi- 
tion of  these  two  factors  is  governed  by  /d//s,  according  to  (16.35).  There  is  no  direct 
way  to  measure  /d  and  /s.  We  will  see  later,  from  experimental  data,  that  the 
coefficient  of  friction  tends  to  decrease  with  decreasing  scale,  therefore,  it  must 
be  assumed  that  /d//s  >  1  for  the  data  reported  in  the  paper  [20]. 


Multiple-Asperity  Contact 

The  adhesional  component  of  friction  depends  on  the  real  area  of  contact  and 
adhesion  shear  strength.  Scale  dependence  of  the  real  area  of  contact  was  considered 
in  the  preceding  section.  Here  we  derive  expressions  for  scale-dependence  of  the 
shear  strength  at  the  interface  during  adhesional  friction.  It  is  suggested  by  Bhushan 
and  Nosonovsky  [20]  that,  for  many  materials,  dislocation-assisted  sliding  (micro- 
slip)  is  the  main  mechanism,  which  is  responsible  for  the  shear  strength.  They 
considered  dislocation  assisted  sliding  based  on  the  assumption,  that  contributing 
dislocations  are  located  in  a  subsurface  volume.  The  thickness  of  this  volume  is 
limited  by  the  distance  which  dislocations  can  climb  /s  (material  parameter)  and  by 
the  radius  of  contact  a.  They  showed  that  ta  is  scale  dependent  according  to  (16.13). 
Assuming  the  contact  radii  equal  to  the  mean  value  given  by  (16.19) 


t.  =  W1  +  (V^)"      L<Lic,  (16.36) 

where 


■A/m 

Ls=Mf)     ■  (16.37) 


In  the  case  of  absence  of  the  microslip  (e.g.,  for  an  amorphous  material),  it 
should  be  assumed  in  (16.34-16.36),  Ls  =   ls=   0. 

Based  on  (16.9,  16.17,  16.24,  16.29,  16.36,  16.37),  the  adhesional  component  of 
the  coefficient  of  friction  in  the  case  of  elastic  contact  //ae  and  in  the  case  of  plastic 
contact  £iap,  is  given  as  [20] 


/'a, 


TaAre  _  Ta()Areo  /  L  \  l~  .        .    .„,  fXae0 


y/l  +  (W 


W  W      \LiJ        V         ^'    '         y/1 +  (1^/00)  V^ic 


xJl  +  (Ls/L)"',     L<Llc; 


(16.38) 
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where  /iae0  and  /iap0  are  values  of  the  coefficient  of  friction  at  macroscale  (L  >  Llc). 
The  scale  dependence  of  adhesional  friction  in  multiple-asperity  elastic  contact 
is  presented  in  Fig.  16.12b,  which  is  based  on  (16.38),  for  various  values  of  LJLlc. 
The  change  of  scale  length  L  affects  the  coefficient  of  friction  in  two  different  ways: 
through  the  change  of  Are  (16.17)  and  Ta  (16.36)  below  Llc,  Further,  ta  is  controlled 
by  the  ratio  LJL.  Based  on  (16.36),  for  small  ratio  of  LJLlc,  scale  effects  on  ra  is 
insignificant  for  L/Llc  >  0.  As  it  is  seen  from  Fig.  16.12b  by  comparison  of  the 
curve  with  LJLic  —  0  (insignificant  scale  effect  on  Ta),  Ls/Llc  =  1,  and  LJL\C  = 
1000  (significant  scale  effect  on  ta),  the  results  for  the  normalized  coefficient  of 
friction  are  close,  thus,  the  main  contribution  to  the  scaling  effect  is  due  to  change 
of  Are.  In  the  case  of  multiple-asperity  plastic  contact,  the  results,  based  on  (16.39), 
are  presented  in  Fig.  16.12b  for  Ld/Ls  =  0.25,  Ld/Ls  =  5  and  Ld/Llc  =  1  and 
LJL\C  =  1 ,000.  The  change  of  scale  affects  the  coefficient  of  friction  through  the 
change  of  Arp  (16.34),  which  is  controlled  by  Ld,  and  ta  (16.36),  which  is  controlled 
by  Ls.  It  can  be  observed  from  Fig.  16.12b,  that  for  Ld  >  Ls,  the  change  of  A^, 
prevails  over  the  change  of  ta,  with  decreasing  scale,  and  the  coefficient  of  friction 
decreases.  For  Ld  <  Ls,  the  change  of  ta  prevails,  with  decreasing  scale,  and  the 
coefficient  of  friction  increases  [20].  Expressions  for  the  coefficient  of  adhesional 
friction  are  presented  in  Table  16.1. 


16.5.2     Two-Body  Deformation 

Based  on  the  assumption  that  multiple  asperities  of  two  rough  surfaces  in  contact 
have  conical  shape,  the  two-body  deformation  component  of  friction  can  be  deter- 
mined as 

2  tan  6r 
^ds  = -,  (16.40) 

71 

where  Qr  is  the  roughness  angle  (or  attack  angle)  of  a  conical  asperity  [16,  48]. 
Mechanical  properties  affect  the  real  area  of  contact  and  shear  strength  and  these 
cancel  out  in  (16.29). 

The  roughness  angle  is  scale-dependent  and  is  related  to  the  roughness  para- 
meters [41].  Based  on  statistical  analysis  of  a  random  Gaussian  surface, 

tan#roc— .  (16.41) 

Table  16.1    Scaling  factors  for  the  coefficient  of  adhesional  friction  [20] 

Single  asperity  Single  asperity  plastic    Multiple-asperity  Multiple-asperity 

elastic  contact  contact  elastic  contact  plastic  contact 


^o^A+V7F)  \\  +  {k/a)     ^  =  ^0CEL!"  "  /l  +  (Ls/L)n 
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Fig.  16.13    Normalized 
results  for  the  two-body 
deformation  component  of 
the  coefficient  of  friction 
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From  (16.40)  it  can  be  interpreted  that  stretching  the  rough  surface  in  the  vertical 
direction  (increasing  vertical  scale  parameter  a)  increases  tan  9r,  and  stretching  in 
the  horizontal  direction  (increasing  vertical  scale  parameter  /?  )  decreases  tan  9T. 

Using  (16.40)  and  (16.41),  the  scale  dependence  of  the  two-body  deformation 
component  of  the  coefficient  of  friction  is  given  as  [21] 


Mds 


2ffp  (L 
Tift*  \Llc 


A*ds0 


L  <  Lic, 


(16.42) 


where  /ids0  is  the  value  of  the  coefficient  of  summits  deformation  component  of  the 
coefficient  of  friction  at  macroscale  (L  >  Lic). 

The  scale  dependence  for  the  two-body  deformation  component  of  the  coeffi- 
cient of  friction  is  presented  in  Fig.  16.13  for  m  —  0.5,  n  —  0.2.  The  coefficient 
of  friction  increases  with  decreasing  scale,  according  to  (16.42).  This  effect  is  a 
consequence  of  increasing  average  slope  or  roughness  angle. 


16.5.3     Three-Body  Deformation  Friction 


In  this  sections  of  the  paper,  size  distribution  of  particles  will  be  idealized  according 
to  the  exponential,  normal,  and  log  normal  density  functions,  since  these  distribu- 
tions are  the  most  common  in  nature  and  industrial  applications  (See  Appendix). 
The  probability  for  a  particle  of  a  given  size  to  be  trapped  at  the  interface  depends 
on  the  size  of  the  contact  region.  Particles  at  the  edge  of  the  region  of  contact 
are  likely  to  leave  the  contact  area,  whereas  those  in  the  middle  are  likely  to  be 
trapped.  The  ratio  of  the  edge  region  area  to  the  total  apparent  area  of  contact 
increases  with  decreasing  scale  size.  Therefore,  the  probability  for  a  particle  to 
be  trapped  decreases,  as  well  as  the  three-body  component  of  the  coefficient  of 
friction  [21]. 

Let  us  consider  a  square  region  of  contact  of  two  rough  surfaces  with  a  length  L 
(relevant  scale  length),  with  the  density  of  debris  of  r\  particles  per  unit  area 
(Fig.  16.14).  We  assume  that  the  particles  have  the  spherical  form  and  thatp(fif)  is 
the  probability  density  function  of  particles  size.  It  is  also  assumed  that,  for 
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Fig.  16.14    Schematics  of 
debris  at  the  contact  zone  and 
at  its  border  region.  A  particle 
of  diameter  d  in  the  border 
region  of  d/2  is  likely  to  leave 
the  contact  zone 


HI 


Q 


<*        Contact  region 
9  9 


Border  region I  Corner I 

a r — » — 


d/2 


a  given  diameter,  particles  at  the  border  region  of  the  contact  zone  of  the  width  d/2 
are  likely  to  leave  the  contact  zone,  with  a  certain  probability  a,  whereas  particles 
at  the  center  of  the  contact  region  are  likely  to  be  trapped.  It  should  be  noted, 
that  particles  in  the  corners  of  the  contact  region  can  leave  in  two  different 
directions,  therefore,  for  them  the  probability  to  leave  is  2a.  The  total  nominal 
contact  area  is  equal  to  L2,  the  area  of  the  border  region,  without  the  corners, 
is  equal  to  4(L  —  d)d/2,  and  the  area  of  the  corners  is  equal  to  d  . 

The  probability  density  of  size  distribution  for  the  trapped  particles  ptT(d) 
can  be  calculated  by  multiplying  p(d)  by  one  minus  the  probability  of  a  particle 
with  diameter  d  to  leave;  the  later  is  equal  to  the  ratio  of  the  border  region  area, 
multiplied  by  a  corresponding  probability  of  the  particle  to  leave,  divided  by  the 
total  contact  area  [21] 


pti(d)=p(d)    1 
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(16.43) 


The  ratio  of  the  number  of  trapped  particles  to  the  total  number  of  particles, 
average  radius  of  a  trapped  particle  d,  and  average  square  of  trapped  particles  d2, 
as  functions  of  L,  can  be  calculated  as 
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Let  us  assume  an  exponential  distribution  of  particles'  size  (16.A7)  with  de  =  0. 
Substituting  (16.A7)  into  (16.44)  and  integrating  yields  for  the  ratio  of  trapped 
particles  [21] 
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whereas  the  mean  diameter  of  the  trapped  particles  is 
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and  the  mean  square  radius  of  the  trapped  particles  is 
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For  the  normal  and  log  normal  distributions,  similar  calculations  can  be  con- 
ducted numerically. 

The  area,  supported  by  particles  can  be  found  as  the  number  of  trapped  particles 
riL2nu  multiplied  by  average  particle  contact  area 

nd2 


Adp  =  rjL  ntt  - 


4    ' 


(16.48) 


where  d2  is  mean  square  of  particle  diameter,  r\  is  particle  density  per  apparent  area 
of  contact  (L2)  and  nlr  is  a  number  of  trapped  particles  divided  by  the  total  number 
of  particles  [21]. 

The  plowing  deformation  is  plastic  and,  assuming  that  particles  are  harder  than 
the  bodies,  the  shear  strength  rdp  is  equal  to  the  shear  yield  strength  of  the  softer 
body  ty  which  is  given  by  the  (16.9)  with  a  —  J/2.  Combining  (16.29)  with  (16.9) 
and  (16.48) 
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AdpTdp  L2  ltd2 
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(16.49) 


MdpOwtr  = 

*  «  / 1  +  2/d/rf0 


where  d  is  mean  particle  diameter,  do  is  the  macroscale  value  of  mean  particle 
diameter,  and  /idp0  is  macroscale  (L  — >oo,  nu  — >  1)  value  of  the  third-body  defor- 
mation component  of  the  coefficient  of  friction  given  as 


L2  ndl  ,         ,    .. 

A<dP0  =  »?|^  ^-tyo\/  1  -  2/d/do. 


(16.50) 


Scale  dependence  of  the  three-body  deformation  component  of  the  coefficient 
of  friction  is  presented  in  Fig.  16.15,  based  on  (16.49).  The  number  of  trapped 


Fig.  16.15    The  number  of 
trapped  particles  divided  by 
the  total  number  of  particles 
and  three-body  deformation 
component  of  the  coefficient 
of  friction,  normalized  by  the 
macroscale  value,  for  three 
different  distributions  of 
debris  size:  (a)  exponential, 
(b)  normal,  and  (c)  log- 
normal  distributions 
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particles  divided  by  the  total  number  of  particles,  as  well  as  the  three-body 
deformation  component  of  the  coefficient  of  friction,  are  presented  as  a  function 
of  scale  size  divided  by  a  for  the  exponential,  normal,  and  log  normal  distributions. 
The  dependence  of  fi^/fi^Q  is  shown  as  a  function  of  L/(aere)  for  the  exponential 
distribution  and  normal  distribution,  for  dn  =  de  =  2ae  and  /d/ere  =  1,  whereas 
for  the  log  normal  distribution  the  results  are  presented  as  a  function  of  L/oc,  for 
(In  dln)  =  2,  crln  =  1,  and  lL\/&in  =  1-  This  component  of  the  coefficient  of  friction 
decreases  for  all  of  the  three  distributions.  The  results  are  shown  for  lJ<J\n  =  1, 
however,  variation  of  Id/^in  m  the  range  between  0.1  and  10  does  not  change 
significantly  the  shape  of  the  curve.  The  decrease  of  the  three-body  deformation 
friction  force  with  decreasing  scale  results  with  this  component  being  small  at  the 
nanoscale. 


16.5.4    Ratchet  Mechanism 

Surface  roughness  can  have  an  appreciable  influence  on  friction  during  adhesion. 
If  one  of  the  contacting  surfaces  has  asperities  of  much  smaller  lateral  size,  such 
that  a  small  tip  slides  over  an  asperity,  having  the  average  angle  dr  (so  called 
ratchet  mechanism),  the  corresponding  component  of  the  coefficient  of  friction  is 

given  by 


fir  =  jUa  tan2  9T 


(16.51) 


where  fiT  is  the  ratchet  mechanism  component  of  friction  [16].  Combining  (16.15, 
16.41,  16.38,  16.39)  yields  for  the  scale  dependence  of  the  ratchet  component  of  the 
coefficient  of  friction  in  the  case  of  elastic  /ire  and  plastic  contact  jUip 
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where  /,(re0  and  /.(^n  are  the  macroscale  values  of  the  ratchet  component  of  the 
coefficient  of  friction  for  elastic  and  plastic  contact  correspondingly  [23]. 

Scale  dependence  of  the  ratchet  component  of  the  coefficient  of  friction,  normal- 
ized by  the  macroscale  value,  is  presented  in  Fig.  16.16,  for  scale  independent 
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Fig.  16.16    Normalized 
results  for  the  ratchet 
component  of  the  coefficient 
of  friction,  as  a  function  of 
scale,  for  scale  independent 
(Ls  =   0)  and  scale  dependent 
(Ls  =    10L]c)  shear  strength 
(m  =  0.5,  n  =  0.2).  (a) 
contact,  (b)  plastic  contact 
(Ld  =    10Llc) 
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Elastic  contact  Ls=  10  Lk 


/V^pO 


0.5  1 

Scale  length  L/Llc 
Ratchet  component 

Plastic  contact  L, 


/'rp//Jrp0 


0.5  1 

Scale  length  L/Llc 
Plastic  contact  Ls=  10,  Ld=  10 


Scale  length  LIL\C 


adhesional  shear  strength,  ra  =  const  ,  (Ls  =  0)  and  for  scale  dependent  ta  (Ls  = 
10Ld),  based  on  (16.51)  and  (16.53).  The  ratchet  component  during  adhesional 
elastic  friction  /ire  is  presented  in  Fig.  16.16a.  It  is  observed,  that,  with  decreasing 
scale,  /ire  increases.  The  ratchet  component  during  adhesional  plastic  friction  fi^,  is 
presented  in  Fig.  16.16b.  It  is  observed,  that,  forLs  =  0,  with  decreasing  scale,  {i^ 
increases  [23]. 
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16.5.5    Meniscus  Analysis 

During  contact,  if  a  liquid  is  introduced  at  the  point  of  asperity  contact,  the  surface 
tension  results  in  a  pressure  difference  across  a  meniscus  surface,  referred  to  as 
capillary  pressure  or  Laplace  pressure.  The  attractive  force  for  a  sphere  in  contact 
with  a  plane  surface  is  proportional  to  the  sphere  radius  Rp,  for  a  sphere  close  to 
a  surface  with  separation  s  or  for  a  sphere  close  to  a  surface  with  continuous 
liquid  film  [16] 


ocRp. 


(16.54) 


The  case  of  multiple-asperity  contact  is  shown  in  Fig.  16.1b.  Note,  that  both 
contacting  and  near-contacting  asperities  wetted  by  the  liquid  film  contribute  to 
the  total  meniscus  force.  A  statistical  approach  can  be  used  to  model  the  contact.  In 
general,  given  the  interplanar  separation  5d,  the  mean  peak  radius  R?,  the  thickness 
of  liquid  film  /if,  the  surface  tension  y,  liquid  contact  angle  between  the  liquid  and 
surface  9,  and  the  total  number  of  summits  in  the  nominal  contact  area  N, 


Fm  =  2nRpy(l+ cos  6)N. 


(16.55) 


In  (16.54),  y  and  0  are  material  properties,  which  are  not  expected  to  depend  on 
scale,  whereas  Rp  and  N  depend  on  surface  topography,  and  are  scale-dependent, 
according  to  (16.18)  and  (16.20). 


Fm  ex  RPN  =  Fm0 


U 


wl 


m—ln 


L<Lh 


(16.56) 


where  Fm0  is  the  macroscale  value  of  the  meniscus  force  (L  >  Liwl). 

Scale  dependence  of  the  meniscus  force  is  presented  in  Fig.  16.17,  based  on 
(16.56)  for  m  —  0.5,  n  —  0.2.  It  may  be  observed  that,  depending  on  the  value  of 
D,  the  meniscus  force  may  increase  or  decrease  with  decreasing  scale  size. 


Meniscus  force  (multiple  asperity  contact) 

Meniscus  force  F„,/F„,a 


Fig.  16.17    Meniscus  force 
for  m  =  0.5,  n  =  0.2 


Scale  length  L/L|wi 
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16.5.6    Total  Value  of  Coefficient  of  Friction  and  Transition 
from  Elastic  to  Plastic  Regime 

During  transition  from  elastic  to  plastic  regime,  contribution  of  each  of  the  three 
components  of  the  coefficient  of  friction  in  (16.29)  changes.  In  the  elastic  regime, 
the  dominant  contribution  is  expected  to  be  adhesion  involving  elastic  deformation, 
and  in  the  plastic  regime  the  dominant  contribution  is  expected  to  be  deformation. 
Therefore,  in  order  to  study  transition  from  elastic  to  plastic  regime,  the  ratios  of 
deformation  to  adhesion  component  should  be  considered.  The  expression  for  the 
total  value  of  the  coefficient  of  friction,  which  includes  meniscus  force  contribu- 
tion, based  on  (16.29)  and  (16.31)  can  be  rewritten  as  [21] 

+  «d.  +  MsV1  +  M  (16>57) 

Ma  A'a/V  WJ 

The  ratchet  mechanism  component  is  ignored  here  since  it  is  present  only  in 
special  cases.  Results  in  the  preceding  subsection  provide  us  with  data  about  the 
adhesion  and  two-body  and  three-body  deformation  components  of  the  coefficient 
of  friction,  normalized  by  their  values  at  the  macroscale.  However,  that  analysis 
does  not  provide  any  information  about  their  relation  to  each  other  or  about 
transition  from  the  elastic  to  plastic  regime.  In  order  to  analyze  the  transition 
from  pure  adhesion  involving  elastic  deformation  to  plastic  deformation,  a  transi- 
tion index  <f>  can  be  considered  [21].  The  transition  index  is  equal  to  the  ratio  of 
average  pressure  in  the  elastic  regime  (normal  load  per  real  area  of  elastic  contact) 
to  hardness  or  simply  the  ratio  of  the  real  area  of  plastic  contact  divided  by  the  real 
area  of  elastic  contact 


W    _Arp 


Aren       Are 
Using  (16.17)  and  (16.22),  the  scale-dependence  of  <f>  is 


(16.58) 


W  Vl  +  (/s/a)(L/Llc)"-'" 

00 =      JE^, i        L<Md 


Are0(L/L]c)m-"H0  y/\  +  (Ls/L)m      ru         0  +  (LjLf 


(16.59) 


where  <p0  is  the  macroscale  value  of  the  transition  index  [21]. 

With  a  low  value  of  <fi  close  to  zero,  the  contacts  are  mostly  elastic  and  only 
adhesion  contributes  to  the  coefficient  of  friction  involving  elastic  deformation. 
Whereas  with  increasing  (f>  approaching  unity,  the  contacts  become  predominantly 
plastic  and  deformation  becomes  a  dominant  contributor.  It  can  be  argued  that 
AdJArs  and  Adp/Are  will  also  be  a  direct  function  of  <fi,  and  in  the  paper  these  will  be 
assumed  to  have  linear  relationship. 
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Next,  the  ratio  of  adhesion  and  deformation  components  of  the  coefficient  of 
friction  in  terms  of  <j>  is  obtained.  In  this  relationship,  rds  and  rdp  are  equal  to  the 
shear  yield  strength,  which  is  proportional  to  hardness  and  can  be  obtained  from 
(16.9),  using  (16.19)  and  (16.36) 


fas 

/<ae 

/"dp 


^ds^ds  ,  ^ds 

— OC  <p  — 


?dsO  V1  +  (Ld/LT 


^dp^dp  i  ^dp 
—  — - — -  CX  (p — - 

/^ae  -^re^a  ^"a 


b   TYOV/l  +  2/d/J 

TaoVl  +  (U/L)"'  ' 


L  <LU 


L<n, 


(16.60) 


(16.61) 


The  sum  of  adhesion  and  deformation  components  [21] 

TMsO\/l  +  (WL)m  Xwy/l  +  2l&/d 


/'« 


/'a 


F m0  /    ^ 


L  <  Llc. 


(16.62) 


Note  that  0  itself  is  a  complicated  function  of  L,  according  to  (16.59). 

Scale  dependence  of  the  transition  index,  normalized  by  the  macroscale  value,  is 
presented  in  Fig.  16.18,  based  on  (16.59).  It  is  observed  that,  for  Ls  =  0,  the 
transition  index  decreases  with  increasing  scale.  ForLs  =  10  Llc,  the  same  trend  is 
observed  for  m  >  2n,  but,  in  the  case  m  <  2«,  <f>  decreases.  An  increase  of  the 
transition  index  means  that  the  ratio  of  plastic  to  elastic  real  areas  of  contact 
increases.  With  decreasing  scale,  the  mean  radius  of  contact  decreases,  causing 


Transition  index 


Fig.  16.18    The  transition 
index  as  a  function  of  scale. 
Presented  for  m  =  0.5, 
n  =  0.2  and  m  =  0.5,  n  =  0.4 


Scale  length  L/L^ 
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Fig.  16.19   The  coefficient  of 
friction  (dry  contact)  as  a 
function  of  the  transition 
index  for  given  scale  length  L. 
With  increasing  cj>  and  onset 
of  plastic  deformation,  both 
/ids  and  Alp  grow,  as  a  result 
of  this,  the  total  coefficient  of 
friction  ji  grows  as  well 


Coefficient  of  friction  ,u 


0.5  1 

Transition  index  t> 


hardness  enhancement  and  decrease  of  the  plastic  area  of  contact.  Based  on  this,  the 
model  may  predict  an  increase  or  decrease  of  the  transition  index,  depending  on 
whether  elastic  or  plastic  area  decreases  faster. 

The  dependence  of  the  coefficient  of  friction  on  (f>  is  illustrated  in  Fig.  16.19, 
based  on  (16.62).  It  is  assumed  in  the  figure  that  the  slope  for  the  dependence  of  /j.dp 
on  <fr  is  greater  than  the  slope  for  the  dependence  of  /(ds  on  <j).  For  cf>  close  to  zero,  the 
contact  is  predominantly  elastic,  whereas  for  (j)  approaching  unity  the  contact  is 
predominantly  plastic. 


16.5.7    Comparison  with  the  Experimental  Data 

Experimental  data  on  friction  at  micro-  and  nanoscale  are  presented  in  this  subsec- 
tion and  compared  with  the  model.  First,  a  single-asperity  predominantly  elastic 
contact  is  considered  [20],  then  transition  to  plastic  deformation  involving  multiple 
asperity  contacts  is  analyzed  [23]. 


Single-Asperity  Predominantly-Elastic  Contact 


Nanoscale  dependence  of  friction  force  upon  the  normal  load  was  studied  for  Pt- 
coated  AFM  tip  versus  mica  in  ultra-high  vacuum  (UHV)  by  Carpick  et  al.  [7],  for 
Si  tip  versus  diamond  and  amorphous  carbon  by  Schwarz  et  al.  [8]  and  for  Si3N4  tip 
on  Si,  SiC>2,  and  diamond  by  Bhushanand  Kulkarni  [6]  (Fig.  16.20a).  Homola  et  al. 
[13]  conducted  SFA  experiments  with  mica  rolls  with  a  single  contact  zone  (before 
onset  of  wear)  (Fig.  16.21b).  Contacts  relevant  in  these  experiments  can  be  consid- 
ered as  single-asperity,  predominantly  elastic  in  all  of  these  cases.  For  a  single- 
asperity  elastic  contact  of  radius  a,  expression  for  fi  is  given  by  (16.17).  For  the 
limit  of  a  small  contact  radius  a  <C  /s,  the  (16.13)  combined  with  the  Hertzian 
dependence  of  the  contact  area  upon  the  normal  load  (16.33)  yields 

(16.63) 
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Fig.  16.20    Summary  of  (a) 
AFM  data  (upper:  Pt-coated 
tip  on  mica  in  UHV  [7], 
middle:  Si  tip  on  DLC  and 
diamond  in  UHV  [8],  lower: 
Si3N4  tip  on  various  materials 
[6])  and  (b)  SFA  data  (on 
mica  versus  mica  in  dry  air 
[13])  for  friction  force  as  a 
function  of  normal  load 


Friction  force  (nN) 


200  300 

Load  (nN) 


Friction  force  (nN) 
10A 


30  40 
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O  Si(lll) 
a  Si02 
A  Diamond 
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Friction  force  (N) 
50* 


100  150 

Normal  load  (nN) 


30 
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Fig.  16.21    Shear  stress  as  a 
function  of  contact  radius. 
Microscale  and  nanoscale 
data  compared  with  the  model 
for  /s  =  1  urn  and  /s  =  10  um 


Adhesional  shear  strength  vs  contact  radius 

Normalized  shear  strength  tJG 
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If  an  adhesive  pull-off  force  Wq  is  large,  (16.63)  can  be  modified  as 

Fe  =  C0y/W  +  W0,  (16.64) 

where  Co  is  a  constant.  Friction  force  increases  with  square  root  of  the  normal  load, 
opposed  to  the  two  third  exponent  in  scale  independent  analysis. 

The  results  in  Fig.  16.20  demonstrate  a  reasonable  agreement  of  the  experimen- 
tal data  with  the  model.  The  platinum-coated  tip  versus  mica  [7]  has  a  relatively 
high  pull-off  force  and  the  data  fit  with  C0  =  23.7  (nN)1/2  and  WQ  =  170  nN.  For  the 
silicon  tip  versus  amorphous  carbon  and  natural  diamond,  the  fit  is  given  by  Cq  — 
8.0,  19.3  (nN)1/2  and  small  W0.  For  the  virgin  Si(lll),  Si02,  and  natural  diamond 
sliding  versus  Si3N4  tip  [8],  the  fit  is  given  by  C0  =  0.40,  0.76,  0.86  (nN)1/2  for 
Si(l  1 1),  SiC>2,  and  diamond,  respectively  and  small  Wq.  For  two  mica  rolls  [13],  the 
fit  is  given  by  C0  =  10  N1/2  and  W0  =  0.5  N  [20]. 

AFM  experiments  provide  data  on  nanoscale,  whereas  SFA  experiments  provide 
data  on  microscale.  Next  we  study  scale  dependence  on  the  shear  strength  based  on 
these  data.  In  the  AFM  measurements  by  Carpick  et  al.  [7],  the  average  shear 
strength  during  sliding  for  Pt-mica  interface  was  reported  as  0.86  GPa,  whereas  the 
pull-off  contact  radius  was  reported  as  7  nm.  In  the  SFA  measurements  by  Homola 
et  al.  [13],  the  average  shear  strength  during  sliding  for  mica-mica  interface  was 
reported  as  25  MPa,  whereas  the  contact  area  during  high  loads  was  on  the  order  of 
10~  m  ,  which  corresponds  to  a  contact  radius  on  the  order  100  um.  To  normalize 
shear  strength,  we  need  shear  modulus.  The  shear  modulus  for  mica  is  Gm;ca  = 
25.7  GPa  [49]  and  for  Pt  is  GPt  =  63.7  GPa  [50].  For  mica-Pt  interface,  the 
effective  shear  modulus  is 

G  =  2GmicaGp,/(Gmica  +  GPt)  =  36.6 .  (16.65) 

This  yields  the  value  of  the  shear  stress  normalized  by  the  shear  modulus  Ta/G  = 
2.35  x  10"2  for  Carpick  et  al.  [7]  AFM  data  and  9.73  x  10"4  for  the  SFA  data.  These 
values  are  presented  in  the  Fig.  16.21  together  with  the  values  predicted  by 
the  model  for  assumed  values  of  /s  =  1  and  10  um.  It  can  be  seen  that  the 
model  (16.13)  provides  an  explanation  of  adhesional  shear  strength  increase 
with  a  scale  decrease  [20]. 


Transition  to  Predominantly  Plastic  Deformation  Involving  Multiple  Asperity 
Contacts 

Next,  we  analyze  the  effect  of  transition  from  predominantly  elastic  adhesion  to 
predominantly  plastic  deformation  involving  multiple  asperity  contacts  [23].  The 
data  on  nano-  and  microscale  friction  for  various  materials,  are  presented  in 
Table  16.2,  based  on  Ruan  and  Bhushan  [5],  Liu  and  Bhushan  [11],  and  Bhushan 
et  al.  [12],  for  Si(100),  graphite  (HOPG),  natural  diamond,  and  diamond-like 
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carbon  (DLC).  There  are  several  factors  responsible  for  the  differences  in  the 
coefficients  of  friction  at  micro-  and  nanoscale.  Among  them  are  the  contributions 
from  ratchet  mechanism,  meniscus  effect,  wear  and  contamination  particles,  and 
transition  from  elasticity  to  plasticity.  The  ratchet  mechanism  and  meniscus  effect 
result  in  an  increase  of  friction  with  decreasing  scale  and  cannot  explain  the 
decrease  of  friction  found  in  the  experiments.  The  contribution  of  wear  and 
contamination  particles  is  more  significant  at  macro/microscale  because  of  larger 
number  of  trapped  particles  (Fig.  16.15).  It  can  be  argued,  that  for  the  nanoscale 
AFM  experiments  the  contacts  are  predominantly  elastic  and  adhesion  is  the  main 
contribution  to  the  friction,  whereas  for  the  microscale  experiments  the  contacts  are 
predominantly  plastic  and  deformation  is  an  important  factor.  Therefore,  transition 
from  elastic  contacts  in  nanoscale  contacts  to  plastic  deformation  in  microscale 
contacts  is  an  important  effect  [23]. 

According  to  (16.29),  the  friction  force  depends  on  the  shear  strength  and  a 
relevant  real  area  of  contact.  For  calculation  of  contact  radii  and  contact  pressures, 
the  elastic  modulus,  Poisson's  ratio,  and  hardness  for  various  samples,  are  required 
and  presented  in  Table  16.2  [50,  51,  52,  53,  54,  55].  In  the  nanoscale  AFM  exper- 
iments a  sharp  tip  was  slid  against  a  flat  sample.  The  apparent  contact  size  and  mean 
contact  pressures  are  calculated  based  on  the  assumption,  that  the  contacts  are 
single  asperity,  elastic  contacts  (contact  pressures  are  small  compared  to  hardness). 
Based  on  the  Hertz  equation  [47],  for  spherical  asperity  of  radius  R  in  contact  with  a 
flat  surface,  with  an  effective  elastic  modulus  E  ,  under  normal  load  W,  the  contact 
radius  a  and  mean  apparent  contact  pressure  pa  are  given  by 

3WR\1/3 

w)  '  (16-66) 

W 
P.=—2-  (16.67) 

The  surface  energy  effect  [16]  was  neglected  in  (16.66)  and  (16.67),  because  the 
experimental  value  of  the  normal  adhesion  force  was  small,  compared  to  W  [5].  The 
calculated  values  of  a  and  pa  for  the  relevant  normal  load  are  presented  in  Table 
16.2  [23]. 

In  the  microscale  experiments,  a  ball  was  slid  against  a  nominally  flat  surface. 
The  contact  in  this  case  is  multiple-asperity  contact  due  to  the  roughness,  and  the 
contact  pressure  of  the  asperity  contacts  is  higher  than  the  apparent  pressure.  For 
calculation  of  a  characteristic  scale  length  for  the  multiple  asperity  contacts,  which 
is  equal  to  the  apparent  length  of  contact,  (16.66)  was  also  used.  Apparent  radius 
and  mean  apparent  contact  pressure  for  microscale  contacts  at  relevant  load  ranges 
are  also  presented  in  Table  16.2  [23]. 

A  quantitative  estimate  of  the  effect  of  the  shear  strength  and  the  real  area 
of  contact  on  friction  is  presented  in  Table  16.3.  The  friction  force  at  mean  load 
(average  of  maximum  and  minimum  loads)  is  shown,  based  on  the  experimental 
data  presented  in  Table  16.2.  For  microscale  data,  the  real  area  of  contact  was 
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Table  16.3    Mean  friction  force,  the  real  area  of  contact  and  lower  limit  of  shear  strength  [23] 


Specimen 

Friction  force  at  mean 

Upper  limit  of  real  area  of 

Lower  limit  of  mean 

loada 
Microscale 

Nanoscale 

contact  at  mean  load 

shear  streng 
Microscale 

th  (GPa) 

Microscale 

Nanoscale0 

Nanoscale 

(mN) 

(nN) 

(urn2) 

I"2) 

Si(100) 

0.49 

3.3 

0.11 

19 

4.5 

0.17 

wafer 

Graphite 

100 

0.33 

105 

92 

0.001 

0.004 

(HOPG) 

Natural 

200 

2.7 

10.9 

10 

18.4 

0.27 

diamond 

DLC  film 

0.2 

1.7 

0.042 

14 

4.8 

0.12 

aBased  on  the  data  from  Table  16.2.  Mean  load  at  microscale  is  1050  uN  for  Si(100)  and  DLC  film 
and  1  N  for  HOPG  and  natural  diamond,  and  55  nN  for  all  samples  at  nanoscale 

For  plastic  contact,  based  on  hardness  values  from  Table  16.2.  Scale-dependent  hardness  value 
will  be  higher  at  relevant  scale,  presented  values  of  the  real  area  of  contact  are  an  upper  estimate 
cUpper  limit  for  the  real  area  is  given  by  the  apparent  area  of  contact  calculated  based  on  the  radius 
of  contact  data  from  Table  16.2 

Lower  limit  for  the  mean  shear  strength  is  obtained  by  dividing  the  friction  force  by  the  upper 
limit  of  the  real  area  of  contact 


estimated  based  on  the  assumption  that  the  contacts  are  plastic  and  based  on  (16.33) 
for  mean  loads  given  in  Table  16.2.  For  nanoscale  data,  the  apparent  area  of  contact 
was  on  the  order  of  several  square  nanometers,  and  it  was  assumed  that  the  real  area 
of  contact  is  comparable  with  the  mean  apparent  area  of  contact,  which  can  be 
calculated  for  the  mean  apparent  contact  radius,  given  in  Table  16.2.  The  estimate 
provides  with  the  upper  limit  of  the  real  area  of  contact.  The  lower  limit  of  the  shear 
strength  is  calculated  as  friction  force,  divided  by  the  upper  limit  of  the  real  area  of 
contact,  and  presented  in  Table  16.3  [23].  Based  on  the  data  in  Table  16.3,  for  Si 
(100),  natural  diamond  and  DLC  film,  the  microscale  value  of  shear  strength  is 
about  two  orders  of  magnitude  higher,  than  the  nanoscale  value,  which  indicates, 
that  transition  from  adhesion  to  deformation  mechanism  of  friction  and  the  third- 
body  effect  are  responsible  for  an  increase  of  friction  at  microscale.  For  graphite, 
this  effect  is  less  pronounced  due  to  molecularly  smooth  structure  of  the  graphite 
surface  [23]. 

Based  on  data  available  in  the  literature  [6],  load  dependence  of  friction  at  nano-/ 
microscale  as  a  function  of  normal  load  is  presented  in  Fig.  16.22.  Coefficient  of 
friction  was  measured  for  Si3N4  tip  versus  Si,  SiC>2,  and  natural  diamond  using  an 
AFM.  They  reported  that  for  low  loads  the  coefficient  of  friction  is  independent  of 
load  and  increases  with  increasing  load  after  a  certain  load.  It  is  noted  that  the 
critical  value  of  loads  for  Si  and  SiC>2  corresponds  to  stresses  equal  to  their  hardness 
values,  which  suggests  that  transition  to  plasticity  plays  a  role  in  this  effect.  The 
friction  values  at  higher  loads  for  Si  and  S1O2  approach  to  that  of  macroscale 
values.  This  result  is  consistent  with  predictions  of  the  model  for  plastic  contact 
(Fig.  16.11),  which  states  that,  with  increasing  normal  load,  the  long  wavelength 
limit  for  the  contact  parameters  decreases.  This  decrease  results  in  violation  of  the 
condition  L  <  Llc,  and  the  contact  parameters  and  the  coefficient  of  friction  reach 
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Fig.  16.22    Coefficient  of 
friction  as  a  function  of 
normal  load  [6] 
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the  macroscale  values,  as  was  discussed  earlier.  It  must  be  noted,  that  the  values  of 
m  =  0.5  and  n  =  0.2  are  taken  based  on  available  data  for  the  glass-ceramic  disk 
(Fig.  16.9),  these  parameters  depend  on  material  and  on  surface  preparation  and 
may  be  different  for  Si,  SiC>2,  and  natural  diamond,  however,  no  experimental  data 
on  scale  dependence  of  roughness  parameters  for  the  materials  of  interest  are 
available. 


16.6     Scale  Effect  in  Wear 

The  amount  of  wear  during  adhesive  or  abrasive  wear  involving  plastic  deformation 
is  proportional  to  the  load  and  sliding  distance  x,  divided  by  hardness  [16] 


v  =  k0 


H  ' 


(16.68) 


where  v  is  volume  of  worn  material  and  kQ  is  a  nondimensional  wear  coefficient. 
Using  (16.10)  and  (16.19),  the  relationships  can  be  obtained  for  scale  dependence  of 
the  coefficient  of  wear  in  the  case  of  the  fractal  surface  and  power-law  dependence 
of  roughness  parameters 


Wx 

H0 


(16.69) 


and 


fcn 


ko 


y/l  +  (U/a)       y/l  +  (Ld/L)" 


L<L 


lwl  ! 


(16.70) 


where  k  is  scale-dependent  wear  coefficient,  and  ko  corresponds  to  the  macroscale 
limit  of  the  value  of  k  [22]. 
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coefficient  as  a  function  of 
scale,  presented  for  m  =  0.5, 
n  =0.2 
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Scale  length  L/L\c 


Scale  dependence  of  the  wear  coefficient  is  presented  in  Fig.  16.23  for  m  =  0.5 
and  n  =  0.2,  based  on  (16.70).  It  is  observed,  that  the  wear  coefficient  decreases 
with  decreasing  scale;  this  is  due  to  the  fact  that  the  hardness  increases  with 
decreasing  mean  contact  size. 


16.7     Scale  Effect  in  Interface  Temperature 


Frictional  sliding  is  a  dissipative  process,  and  frictional  energy  is  dissipated  as  heat 
over  asperity  contacts.  Therefore,  a  high  amount  of  heat  per  unit  area  is  generated 
during  sliding.  A  contact  is  formed  and  destroyed  as  one  asperity  passes  the  other  at 
a  given  velocity.  When  an  asperity  comes  into  contact  with  another  asperity,  the 
real  area  of  contact  starts  to  grow,  when  the  asperities  are  directly  above  each  other, 
the  area  is  at  maximum,  as  they  move  away  from  each  other,  the  area  starts  to  get 
smaller.  There  are  number  of  contacts  at  a  given  time  during  sliding.  For  each 
individual  asperity  contact,  a  flash  temperature  rise  can  be  calculated.  High  tem- 
perature rise  affects  mechanical  and  physical  properties  of  contacting  bodies. 
For  thermal  analysis,  a  dimensionless  Peclet  number  is  used 


^p  = 


6Vflmax 

16k( 


(16.71) 


where  V  is  sliding  velocity,  amax  is  maximum  radius  of  contact  for  a  given  contact 
spot,  and  Kt  is  thermal  diffusivity.  This  parameter  indicates  whether  the  sliding  is 
high-speed  or  low-speed.  If  Lp  >  10,  the  contact  falls  into  the  category  of  high 
speed;  if  Lp  <  0.5,  it  falls  into  the  category  of  low  speed;  if  0.5  <  Lp  <  10,  a 
transition  regime  should  be  considered  [16].  For  high  Lp,  there  is  not  enough  time 
for  the  heat  to  flow  to  the  sides  during  the  lifetime  of  the  contact  and  the  heat  flows 
only  in  the  direction,  perpendicular  to  the  sliding  surface.  Based  on  the  numerical 
calculations  for  flash  temperature  rise  of  as  asperity  contact  for  adhesional  contact 
[16],  the  following  relation  holds  for  the  maximum  temperature  rise  T,  normalized 
by  the  rate  at  which  heat  is  generated  q,  divided  by  the  volumetric  specific  heat  pcp 
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(16.72) 


The  rate  at  which  heat  generated  per  time  per  unit  area  depends  on  the  coefficient 
of  friction  p,  sliding  velocity  V,  apparent  normal  pressure  /?a,  and  ratio  of  the 
apparent  to  real  areas  of  contact  (AJAr) 


TpcpV  _ 

q 

S0.95(2^]f 
-0  33(2Va™A 

Lp  >  10 
Lp  <  0.5 

-  U.JJ                      1  , 
\        K, 

Aa 

q  =  WaV— . 

'.)  and  (16.73), 

TpCo  =  0.95A<J2Va™T 

Pa                       K      \       Kt       J 

Lp>  10 

0  33%^™^! 

Lp  <  0.5 

U.J  J    .     P                        1  i 
Aa      V       Kt       / 

(16.73) 


(16.74) 


For  a  multiple  asperity  contact,  mean  temperature  in  terms  of  average  of 
maximum  contact  size  can  be  written  as 


-  =  0.95—^ ,  Lp  >  10 

/?a  Aa  v   Kt   y 

/2Vamax\ 


0.53^/if^^),  Lp  -.  0..S. 


(16.75) 


In  (16.75)  amax,  p  and  Aa/Ar  are  scale  dependent  parameters.  During  adhesional 
contact,  the  maximum  radius  amax  is  proportional  to  the  contact  radius  a,  and  the 
scale  dependence  for  amax  is  given  by  (16.19),  for  p  by  (16.38-16.39),  and  for  Are 
and  A1V  by  (16. 17)  and  (16.21).  The  scale  dependence  of  q,  involving  p  and  Ar,  and 
<2max  in  (16.72)  can  be  considered  separately  and  then  combined.  For  the  sake  of 
simplicity,  we  only  consider  the  scale  dependence  of  amax.  For  the  empirical  rule 
dependence  of  surface  roughness  parameters  and  the  fractal  model,  in  the  case  of 
high  and  low  velocity,  (16.75)  yields  [22] 


1/2 


TpcDV  [2VCALmX' 

-^^  =  0.95f ^—  J,         L<Llwl,  Lp>10 

/2VCALm\ 
=  0.33    —   ,         L<Llwl,  Lp<  0.5. 


(16.76) 


Scale  dependence  for  the  ratio  of  the  flash  temperature  rise  to  the  amount  of  heat 
generated  per  unit  time  per  unit  area,  for  a  given  sliding  velocity,  as  a  function  of 
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Fig.  16.24    Ratio  of  the  flash 
temperature  rise  to  the 
amount  of  heat  generated  per 
unit  time  per  unit  area,  for  a 
given  sliding  velocity,  as  a 
function  of  scale.  Presented 
form  =  0.5,  n  =  0.2 


Flash  temperature  rise  Tq0/(  T0q) 


Scale  length  L/Llc 


scale,  is  presented  in  Fig.  16.24,  based  on  (16.76),  for  the  high-speed  and  low-speed 
cases.  For  the  empirical  rule  dependence  of  roughness  parameters,  the  results  are 
shown  for  m  =  0.5,  n  =  0.2. 


16.8     Closure 


A  model,  which  explains  scale  effects  in  mechanical  properties  (yield  strength, 
hardness,  and  shear  strength  at  the  interface)  and  tribology  (surface  roughness, 
contact  parameters,  friction,  wear,  and  interface  temperature),  has  been  presented  in 
this  chapter. 

Both  mechanical  properties  and  roughness  parameters  are  scale-dependent. 
According  to  the  strain  gradient  plasticity,  the  scale  dependence  of  the  so-called 
geometrically  necessary  dislocations  causes  enhanced  yield  strength  and  hard- 
ness with  decreasing  scale.  The  shear  strength  at  the  interface  is  scale  dependent 
due  to  the  effect  of  dislocation-assisted  sliding.  An  empirical  rule  for  scale 
dependence  of  the  roughness  parameters  has  been  proposed,  namely,  it  was 
assumed,  that  the  standard  deviation  of  surface  height  and  autocorrelation  length 
depend  on  scale  according  to  a  power  law  when  scale  is  less  than  the  long  wave- 
length limit  value. 

Both  single  asperity  and  multiple  asperity  contacts  were  considered.  For  multi- 
ple asperity  contacts,  based  on  the  empirical  power-rule  for  scale  dependence  of 
roughness,  contact  parameters  were  calculated.  The  effect  of  load  on  the  contact 
parameters  was  also  studied.  The  effect  of  increasing  load  is  similar  to  that  of 
increasing  scale  because  it  results  in  increased  relevance  of  longer  wavelength 
details  of  roughness  of  surfaces  in  contact. 

During  sliding,  adhesion  and  two-  and  three-body  deformation,  as  well  as  ratchet 
mechanism,  contribute  to  the  friction  force.  These  components  of  the  friction  force 
depend  on  the  relevant  real  areas  of  contact  (dependent  on  roughness,  mechanical 
properties,  and  load),  average  asperity  slope,  number  of  trapped  particles,  and 
relevant  shear  strength  during  sliding.  The  relevant  scaling  length  is  the  nominal 
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contact  length  -  contact  diameter  (2a)  for  a  single-asperity  contact,  only  considered 
in  adhesion,  and  scan  length  (L)  for  multiple-asperity  contacts,  considered  in 
adhesion  and  deformation. 

For  the  adhesional  component  of  the  coefficient  of  friction,  the  shear  yield 
strength  and  hardness  increase  with  decreasing  scale.  In  the  case  of  elastic  contact, 
the  real  area  of  contact  is  scale  independent  for  single-asperity  contact,  and  may 
increase  or  decrease  depending  on  roughness  parameters,  for  multiple-asperity 
contact.  In  the  case  of  plastic  contact,  enhanced  hardness  results  in  a  decrease  in 
the  real  area  of  contact.  The  adhesional  shear  strength  at  the  interface  may  remain 
constant  or  increase  with  decreasing  scale,  due  to  dislocation-assisted  sliding  (or 
microslip).  The  model  predicts  that  the  adhesional  component  of  the  coefficient  of 
friction  may  increase  or  decrease  with  scale,  depending  on  the  material  parameters 
and  roughness.  The  coefficient  of  friction  during  two-body  deformation  and  the 
ratchet  component  depend  on  the  average  slope  of  the  rough  surface.  The  average 
slope  increases  with  scale  due  to  scale  dependence  of  the  roughness  parameters.  As 
a  result,  the  two-body  deformation  component  of  the  coefficient  of  friction 
increases  with  decreasing  scale.  The  three-body  component  of  the  coefficient  of 
friction  depends  on  the  concentrations  of  particles,  trapped  at  the  interface,  which 
decreases  with  decreasing  scale. 

The  transition  index,  which  is  responsible  for  transition  from  predominantly 
elastic  adhesional  friction  to  plastic  deformation  was  proposed  and  was  found 
to  change  with  scale,  due  to  scale  dependence  of  roughness  parameters.  For  the 
transition  index  close  to  zero,  the  contact  is  predominantly  elastic  and  the  dominant 
contribution  to  friction  is  adhesion  involving  elastic  deformation.  The  increase  of 
the  transition  index  leads  to  an  increase  in  plastic  deformation  with  increasing 
contribution  of  the  deformation  component  of  friction,  which  results  in  larger  value 
of  the  total  coefficient  of  friction. 

In  presence  of  the  meniscus  force,  the  measured  value  of  the  coefficient  of 
friction  is  greater  than  the  value  of  the  coefficient  of  dry  friction.  The  difference 
is  especially  important  for  small  loads,  when  the  normal  load  is  comparable  with 
the  meniscus  force.  The  meniscus  force  depends  on  peak  radii  and  may  either 
increase  or  decrease  with  scale,  depending  on  the  surface  parameters. 

The  wear  coefficient  and  the  ratio  of  the  maximum  flash  temperature  rise  to  the 
amount  of  heat  generated  per  unit  time  per  unit  area,  for  a  given  sliding  velocity,  as 
a  function  of  scale,  decrease  with  decreasing  scale  due  to  decrease  in  the  mean 
contact  size. 

The  proposed  model  is  used  to  explain  the  trends  in  the  experimental  data  for 
various  materials  at  nanoscale  and  microscale,  which  indicate  that  nanoscale  values 
of  coefficient  of  friction  are  lower  than  the  microscale  values  (Tables  16.2  and 
16.3).  The  two  factors  responsible  for  this  trend  are  the  increase  of  the  three-body 
deformation  and  transition  from  elastic  adhesive  contact  to  plastic  deformation. 
Experimental  data  show  that  the  coefficient  of  friction  increases  with  increasing 
load  after  a  certain  load  and  reaches  the  macroscale  value.  This  is  due  to  the  onset  of 
plastic  deformation  with  increasing  load  and  the  effect  of  load  on  contact  para- 
meters, which  affect  the  coefficient  of  friction. 
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16.9.1     Statistical  Models  of  Particle  Size  Distribution 

Particle  size  analysis  is  an  important  field  for  different  areas  of  engineering, 
environmental,  and  biomedical  studies.  In  general,  size  distribution  of  particles 
depends  on  how  the  particles  were  formed  and  sorted.  Several  statistical  distribu- 
tions, which  govern  distribution  of  random  variables  including  particle  size,  have 
been  suggested  (Fig.  16.25),  [56,  57,  58,  59,  60].  Statistical  distributions  commonly 
used  are  either  the  probability  density  (or  frequency)  function  (PDF)  p(z)  or 
cumulative  distribution  function  (CDF)  P(h),  P(h)  associated  with  random  variable 
z(x),  which  can  take  any  value  between  — oo  and  +oo  or  zmirl  and  zmax  ,  is  defined 
as  the  probability  of  the  event  z(x)  <  z'  and  is  written  as  [61] 


P(z)  =  Prob(z  <  z') 

with  P(-oo)  =   0  and  P(oo)  =    1. 

The  PDF  is  the  slope  of  the  CDF  given  by  its  derivative 
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Fig.  16.25    Common  statistical  distributions  of  particle  size,  (a)  Probability  density  distributions, 
(b)  Cumulative  distributions 
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or 


P(z  <  z')  =  P(z')  = 


p(z)dz.  (16.79) 


Furthermore,  the  total  area  under  the  probability  density  function  must  be  unity; 
that  is,  it  is  certain  that  the  value  of  z  at  any  x  must  fall  somewhere  between  plus  and 
minus  infinity  or  zmin  and  zmax  .  The  definition  of  p(z)  is  phrased  as  that  the  random 
variable  z(x)  is  distributed  as  p(z). 

The  probability  density  (or  frequency)  function,  p(d),  in  the  exponential  form  is 
the  simplest  distribution  mathematically 

p(d)=  —  expf — -),     d>d0,  (16.80) 

where  d  is  particle  diameter,  ere  is  standard  deviation,  and  de  is  minimum  value  (for 
this  distribution).  For  convenience,  the  density  function  can  be  normalized  by  ae  in 
terms  of  a  normalized  variable  d  equal  to  (d  —  de)lac 

p(d*)  =  exp(-d*),     d*  >  0,  (16.81) 


which  has  zero  minimum  and  unity  standard  deviation.  The  cumulative  distribution 
function  P(d')  is  given  as 

P{d')  =  P(d*  <d')  =  \~  exp(-d').  (16.82) 

The  Gaussian  or  normal  distribution  is  used  to  represent  data  for  a  wide 
collection  of  random  physical  phenomena  in  practice  such  as  surface  roughness. 
The  probability  density  and  cumulative  distribution  functions  are  given  as 

1  /     (d-dn)2\ 

p(d)  =  —j= —  exp — - —    ,      — oo  <<i<oo,  — oo  <dn  <oo,ae  >0, 

V2nan         \         2ai      J 

(16.83) 

where  dn  is  the  mean  value.  The  integral  of  p(d)  in  the  interval  —  oo<  d  <oo  is 
equal  to  1.  In  terms  of  the  normalized  variables,  (16.82)  reduces  to 

^)  =  ^«p(-t)  (16-84) 
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and 


p(d')  =  P(d*  <  d') 

d' 

exp[-(d*)2/2dd*  =  erf(</), 


1 


2tt 


(16.85) 


where  erf(<i')  is  called  the  error  function  and  its  values  are  listed  in  most  statistical 
handbooks.  The  pdf  is  bell-shaped  and  the  CDF  is  S-shaped. 

For  particle  size  distribution,  of  interest  here,  the  diameter  cannot  be  less 
than  zero.  For  this  condition,  (16.83)  must  be  modified  by  using  a  constant  on  the 
right  side 


p(d) 
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2n<jf 


exp 


(d  -  dn) 
2al 


0  <  d  <  oo, 


(16.86) 


where 


Co 


2n 


exp 


-d0  fa 


dt 


The  constant  is  calculated  by  integrating  p(d)  in  the  interval  0  <  d  <oo  and 
equating  to  one 


p(d)dd  =  1. 


(16.87) 


The  log-normal  distribution  is  commonly  used  to  describe  particle  size  distribu- 
tion. A  variable  d  is  log-normally  distributed  if  In  d  is  normally  distributed.  Log- 
normal  probability  density  function  for  variable  d,  for  which  In  (d)  has  a  Gaussian 
distribution  with  a  mean  In  (d)ln)  and  standard  deviation  erln,  is  given  as 


p(d)  = 


1 

T.TlG\n 


exp<{ 


[ln(d/dln)}2 


1< 


0<d<oo. 


(16.88) 


The  mean  of  the  log-normal  distribution  is  exp  (In  a?ln+  erln/2),  the  standard 
deviation  is  exp  (2  In  <4,  +  <j\n  )x  [exp  (erln  )  —  1],  the  skewness  is  [exp  (ffin)  +  2] 
[exp  (ffin2)—  l]1/2>  and  kurtosis  is  exp  [4(erln)2]  +  2  exp  [3(ffin)2]  +  3  exp 
[2(o"in)  ]  —  3  [58].  The  case  where  d\n  —  0  is  called  the  standard  log-normal 
distribution.  The  density  function  can  be  normalized  by  aln  in  terns  of  a  normalized 
variable  d   =   (In  d  —  dln)/aln 
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KO=4=(iWf-^M  (16-89) 


/2n  \d 
and 

P(d')  =  P(d*  <d')=\ 


'*-(£ 


(16.90) 


The  log-nonnal  distribution  of  particle  size  occurs  when  the  dispersion  is 
attained  by  comminution  (milling,  grinding,  crushing).  The  size  distribution  of 
pulverized  silica,  granite,  calcite,  limestone,  quartz,  soda,  ash,  alumina,  clay,  as 
well  as  of  wear  particles  is  often  governed  by  the  log-normal  distribution  [62].  A 
size  distribution  is  usually  presented  either  as  probability  density  or  frequency  p(d), 
or  as  cumulative  percent  (percent  of  particles  greater  than  given  size)  P(d),  or  as 
cumulative  mass  versus  particle  size.  All  these  presentations  are  interrelated  [62]. 


16.9.2     Typical  Particle  Size  Distribution  Data 

Typical  experimental  data  for  size  distributions  of  atmospheric  (dust),  sand,  and 
abrasive  diamond  particles  are  presented  in  Fig.  16.26a.  It  can  be  seen,  that  the 
atmospheric  particles  [63]  follow  the  normal  distribution  function.  The  dune  sand  is 
low  in  heavy  mineral  content,  so  the  curve  is  concaved  downward.  Micaceous  dune 
sand  is  sorted  by  gravity  slide  on  a  sharp  mountain  slope  and  appears  to  follow  log- 
normal  distribution,  as  many  distributions  of  sediments,  which  are  sorted  by 
gravity.  Whereas  beach  sand  distribution  curve  is  concaved  upward,  due  to  richness 
in  smaller  size  component  [62].  The  abrasive  diamond  particles  follow  the  log- 
normal  distribution  [64]. 

Size  distribution  of  wear  particles  has  been  studied  actively  since  1970s,  when 
the  ferrography  was  introduced  [69,  70].  The  data  for  wear  particles  is  presented  in 
Fig.  16.26b.  Xuan  et  al.  [65]  studied  the  size  distribution  of  submicrometer  particles 
during  sliding  of  steel-steel  using  a  Falex  3,  pin-on-disk  machine,  using  a  laser 
particle  counter  for  various  sliding  distances.  They  found  a  distribution,  which  is 
close  to  the  log-normal  function.  Mizumoto  and  Kato  [66]  studied  size  distribution 
of  particles  generated  during  pin-on-disk  test,  for  diamond,  sapphire,  silicon  car- 
bide, and  tungsten  carbide  pins  versus  steel  disk,  using  a  laser  particle  counter.  They 
found  that  the  probability  density  function  is  exponential  for  particles  greater  than 
1  urn  diameter,  however  for  smaller  particles  a  linear  law  was  assumed.  Shanbhag 
et  al.  [67]  studied  wear  particles  for  ultrahigh  molecular  weight  polyethylene 
(UHMWPE)  versus  titanium  in  biomedical  applications  (total  knee  replacement) 
using  a  scanning  electron  microscope.  They  found  that  the  distribution  is  close  to 
that  of  the  normal  distribution.  Numerous  data  for  wear  particles  are  presented  by 
Anderson[71].  Hunt  [68]  discusses  various  techniques  of  debris  measurement  and 
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Fig.  16.26  (a)  Experimental  data  for  atmospheric  [63],  sand  [62],  and  abrasive  diamond  [64] 
particle  size  distribution,  (b)  Experimental  data  for  wear  particle  size  distribution  (steel-steel  [65], 
steel-diamond  [66],  steel-polyethylene  [67]).  (c)  Change  with  time  of  wear  debris  production  rate 
during  lubricated  sliding  as  a  function  of  particle  size  [68] 


analysis  in  lubricants.  A  typical  change  in  wear  debris  generation  rate,  which  occurs 
with  time,  is  presented  in  Fig.  16.26c.  Change  in  the  size  distribution  of  wear 
particles  in  lubricant  indicates  an  onset  of  mechanical  failure. 
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Part  IV 
Molecularly-Thick  Films  for  Lubrication 


Chapter  17 

Nanotribology  of  Ultrathin  and  Hard 

Amorphous  Carbon  Films 


Bharat  Bhushan 


Abstract  One  of  the  best  materials  to  use  in  applications  that  require  very  low  wear 
and  reduced  friction  is  diamond,  especially  in  the  form  of  a  diamond  coating. 
Unfortunately,  true  diamond  coatings  can  only  be  deposited  at  high  temperatures 
and  on  selected  substrates,  and  they  require  surface  finishing.  However,  hard  amor- 
phous carbon  -  commonly  known  as  diamond-like  carbon  or  a  DLC  coating  -  has 
similar  mechanical,  thermal  and  optical  properties  to  those  of  diamond.  It  can  also  be 
deposited  at  a  wide  range  of  thicknesses  using  a  variety  of  deposition  processes  on 
various  substrates  at  or  near  room  temperature.  The  coatings  reproduce  the  topogra- 
phy of  the  substrate,  removing  the  need  for  finishing.  The  friction  and  wear  properties 
of  some  DLC  coatings  make  them  very  attractive  for  some  tribological  applications. 
The  most  significant  current  industrial  application  of  DLC  coatings  is  in  magnetic 
storage  devices. 

In  this  chapter,  the  state-of-the-art  in  the  chemical,  mechanical  and  tribological 
characterization  of  ultrathin  amorphous  carbon  coatings  is  presented. 

EELS  and  Raman  spectroscopies  can  be  used  to  characterize  amorphous  carbon 
coatings  chemically.  The  prevailing  atomic  arrangement  in  the  DLC  coatings  is 
amorphous  or  quasi-amorphous,  with  small  diamond  (sp3),  graphite  (sp2)  and  other 
unidentifiable  micro-  or  nanocrystallites.  Most  DLC  coatings,  except  for  those 
produced  using  a  filtered  cathodic  arc,  contain  from  a  few  to  about  50  at.% 
hydrogen.  Sometimes  hydrogen  is  deliberately  incorporated  into  the  sputtered  and 
ion-plated  coatings  in  order  to  tailor  their  properties. 

Amorphous  carbon  coatings  deposited  by  different  techniques  exhibit  differ- 
ent mechanical  and  tribological  properties.  Thin  coatings  deposited  by  filtered 
cathodic  arc,  ion  beam  and  ECR-CVD  hold  much  promise  for  tribological 
applications.  Coatings  of  5  nm  or  even  less  provide  wear  protection.  A  nanoin- 
denter  can  be  used  to  measure  DLC  coating  hardness,  elastic  modulus,  fracture 
toughness  and  fatigue  life.  Microscratch  and  microwear  tests  can  be  performed 
on  the  coatings  using  either  a  nanoindenter  or  an  AFM,  and  along  with  accel- 
erated wear  testing,  can  be  used  to  screen  potential  industrial  coatings.  For  the 
examples  shown  in  this  chapter,  the  trends  observed  in  such  tests  were  similar  to 
those  found  in  functional  tests. 
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Carbon  exists  in  both  crystalline  and  amorphous  forms  and  exhibits  both  metallic 
and  nonmetallic  characteristics  [1—3].  Forms  of  crystalline  carbon  include  graphite, 
diamond,  and  a  family  of  fullerenes  (Fig.  17.1).  The  graphite  and  diamond  are 
infinite  periodic  network  solids  with  a  planar  structure,  whereas  the  fullerenes  are 
a  molecular  form  of  pure  carbon  with  a  finite  network  and  a  nonplanar  structure. 
Graphite  has  a  hexagonal,  layered  structure  with  weak  interlayer  bonding  forces 
and  it  exhibits  excellent  lubrication  properties.  The  graphite  crystal  may  be  visua- 
lized as  infinite  parallel  layers  of  hexagons  stacked  0.34  nm  apart  with  an  inter- 
atomic distance  of  0.1415  nm  between  the  carbon  atoms  in  the  basal  plane.  Each 
atom  lying  in  the  basal  planes  is  trigonally  coordinated  and  closely  packed  with 
strong  a  (covalent)  bonds  to  its  three  carbon  neighbors  via  hybrid  sp2  orbitals.  The 
fourth  electron  lies  in  a  pz  orbital  lying  normal  to  the  er  bonding  plane  and  forms 
a  weak  %  bond  by  overlapping  side-to-side  with  ap-  orbital  of  an  adjacent  atom  to 
which  the  carbon  is  attached  by  a  a  bond.  The  layers  (basal  planes)  themselves  are 
relatively  far  apart  and  the  forces  that  bond  them  are  weak  van  der  Waals  forces. 
These  layers  can  align  themselves  parallel  to  the  direction  of  the  relative  motion 
and  slide  over  one  another  with  relative  ease,  meaning  low  friction.  Strong 
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Fig.  17.1  The  structures  of  the  three  known  forms  of  crystalline  carbon:  (a)  hexagonal  structure  of 
graphite,  (b)  modified  face-centered  cubic  (fee)  structure  (two  interpenetrating  fee  lattices  dis- 
placed by  a  quarter  of  the  cube  diagonal)  of  diamond  (each  atom  is  bonded  to  four  others  that  form 
the  comers  of  a  tetrahedron),  and  (c)  the  structures  of  the  two  most  common  fullerenes:  a  soccer 
ball  C60  and  a  rugby  ball  C70  molecules 
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interatomic  bonding  and  packing  in  each  layer  is  thought  to  help  reduce  wear.  The 
operating  environment  has  a  significant  influence  on  the  lubrication  -  low  friction 
and  low  wear  -  properties  of  graphite.  It  lubricates  better  in  a  humid  environment 
than  a  dry  one,  due  to  the  adsorption  of  water  vapor  and  other  gases  from  the 
environment,  which  further  weakens  the  interlayer  bonding  forces  and  results  in 
easy  shear  and  transfer  of  the  crystallite  platelets  to  the  mating  surface.  Thus, 
transfer  plays  an  important  role  in  controlling  friction  and  wear.  Graphite  oxidizes 
at  high  operating  temperatures  and  can  be  used  up  to  about  430°C. 

One  of  the  most  well-known  fullerene  molecules  is  Cgo,  commonly  known  as 
buckyballs.  Since  these  Cgo  molecules  are  very  stable  and  do  not  require  additional 
atoms  to  satisfy  chemical  bonding  requirements,  they  are  expected  to  have  low 
adhesion  to  the  mating  surface  and  low  surface  energy.  Since  the  Cgo  molecule, 
which  has  a  perfect  spherical  symmetry,  bonds  only  weakly  to  other  molecules,  Cgo 
clusters  readily  become  detached,  similar  to  other  layered  lattice  structures,  and 
either  get  transferred  to  the  mating  surface  by  mechanical  compaction  or  are  present 
as  loose  wear  particles  that  may  roll  like  tiny  ball  bearings  in  a  sliding  contact, 
resulting  in  low  friction  and  wear.  The  wear  particles  are  expected  to  be  harder 
than  as-deposited  Cgo  molecules,  because  of  their  phase  transformation  at  the  high- 
asperity  contact  pressures  present  in  a  sliding  interface.  The  low  surface  energy,  the 
spherical  shapes  of  C60  molecules,  the  weak  intermolecular  bonding,  and  the  high 
load  bearing  capacity  offer  vast  potential  for  various  mechanical  and  tribological 
applications.  Sublimed  Cgo  coatings  and  fullerene  particles  used  as  an  additive  to 
mineral  oils  and  greases  have  been  reported  to  be  good  solid  lubricants  comparable 
to  graphite  and  M0S2  [4-6]. 

Diamond  crystallizes  in  a  modified  face-centered  cubic  (fee)  structure  with  an 
interatomic  distance  of  0.154  nm.  The  diamond  cubic  lattice  consists  of  two  inter- 
penetrating fee  lattices  displaced  by  a  quarter  of  the  cube  diagonal.  Each  carbon 
atom  is  tetrahedrally  coordinated,  making  strong  a  (covalent)  bonds  to  its  four 
carbon  neighbors  using  the  hybrid  sp  atomic  orbitals,  which  accounts  for  it  having 
the  highest  hardness  (80-104  GPa)  and  thermal  conductivity  (900-2,100  W/(m  K), 
on  the  order  of  five  times  that  of  copper)  of  any  known  solid,  as  well  as  high 
electrical  resistivity  and  optical  transmission  and  a  large  optical  band  gap.  It  is 
relatively  chemically  inert,  and  it  exhibits  poor  adhesion  with  other  solids,  enhanc- 
ing its  low  friction  and  wear  properties.  Its  high  thermal  conductivity  permits  the 
dissipation  of  frictional  heat  during  sliding  and  it  protects  the  interface,  and  the 
dangling  carbon  bonds  on  the  surface  react  with  the  environment  to  form  hydro- 
carbons that  act  as  good  lubrication  films.  These  are  some  of  the  reasons  for  the  low 
friction  and  wear  of  the  diamond.  Diamond  and  its  coatings  find  many  industrial 
applications:  tribological  applications  (low  friction  and  wear),  optical  applications 
(exceptional  optical  transmission,  high  abrasion  resistance),  and  thermal  manage- 
ment or  heat  sink  applications  (high  thermal  conductivity).  Diamond  can  be  used 
at  high  temperatures;  it  starts  to  graphitize  at  about  1,000°C  in  ambient  air  and 
at  about  1,400°C  in  vacuum.  Diamond  is  an  attractive  material  for  cutting  tools, 
abrasives  for  grinding  wheels  and  lapping  compounds,  and  other  extreme  wear 
applications. 
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Natural  diamond  -  particularly  in  large  quantities  -  is  very  expensive,  and 
so  diamond  coatings  -  a  low-cost  alternative  -  are  attractive.  True  diamond 
coatings  are  deposited  by  chemical  vapor  deposition  (CVD)  processes  at  high 
substrate  temperatures  (on  the  order  of  800°C).  They  adhere  best  on  silicon 
substrate  and  require  an  interlayer  for  other  substrates.  One  major  hindrance  to 
the  widespread  use  of  true  diamond  films  in  tribological,  optical  and  thermal 
management  applications  is  their  surface  roughness.  Growth  of  the  diamond 
phase  on  a  nondiamond  substrate  is  initiated  by  nucleation  at  either  randomly 
seeded  sites  or  at  thermally  favored  sites,  due  to  statistical  thermal  fluctuations 
at  the  substrate  surface.  Depending  on  the  growth  temperature  and  pressure 
conditions,  certain  favored  crystal  orientations  dominate  the  competitive  growth 
process.  As  a  result,  the  films  grown  are  polycrystalline  in  nature  with  a  relati- 
vely large  grain  size  (>lum)  and  they  terminate  in  very  rough  surfaces,  with 
RMS  roughnesses  ranging  from  a  few  tenths  of  a  micrometer  to  tens  of  micro- 
meters. Techniques  for  polishing  these  films  have  been  developed.  It  has  been 
reported  that  laser  polished  films  exhibit  friction  and  wear  properties  almost 
comparable  to  those  of  bulk  polished  diamond  [7,  8]. 

Amorphous  carbon  has  no  long-range  order,  and  the  short-range  order  of  the 
carbon  atoms  in  it  can  have  one  or  more  of  three  bonding  configurations:  sp 
(diamond),  sp2  (graphite),  or  sp1  (with  two  electrons  forming  strong  a  bonds,  and 
the  remaining  two  electrons  left  in  orthogonal  py  and  pz  orbitals,  that  form  weak 
%  bonds).  Short-range  order  controls  the  properties  of  amorphous  materials  and 
coatings.  Hard  amorphous  carbon  (a-C)  coatings,  commonly  known  as  diamond- 
like carbon  or  DLC  (implying  high  hardness)  coatings,  are  a  class  of  coatings  that 
are  mostly  metastable  amorphous  materials,  but  that  include  a  micro-  or  nano- 
crystalline  phase.  The  coatings  are  random  networks  of  covalently  bonded  carbon 
in  hybridized  tetragonal  (sp3)  and  trigonal  (sp2)  local  coordination  with  some  of 
the  bonds  terminated  by  hydrogen.  These  coatings  have  been  successfully  depos- 
ited by  a  variety  of  vacuum  deposition  techniques  on  a  variety  of  substrates  at  or 
near  room  temperature.  These  coatings  generally  reproduce  substrate  topography 
and  do  not  require  any  post-finishing.  However,  these  coatings  mostly  adhere 
best  on  silicon  substrates.  The  best  adhesion  is  obtained  on  substrates  that  form 
carbides,  such  as  Si,  Fe  and  Ti.  Based  on  depth  profile  analyses  (using  Auger  and 
XPS)  of  DLC  coatings  deposited  on  silicon  substrates,  it  has  been  reported  that 
a  substantial  amount  of  silicon  carbide  (on  the  order  of  5-10  nm  in  thickness) 
is  present  at  the  carbon-silicon  interface,  giving  good  adhesion  and  hardness 
[9].  For  good  adhesion  of  DLC  coatings  to  other  substrates,  in  most  cases,  an 
interlayer  of  silicon  is  required  in  most  cases,  except  for  coatings  deposited  by 
a  cathodic  arc. 

There  is  significant  interest  in  DLC  coatings  due  to  their  unique  combination  of 
desirable  properties.  These  properties  include  high  hardness  and  wear  resistance, 
chemical  inertness  to  both  acids  and  alkalis,  lack  of  magnetic  response,  and  an 
optical  band  gap  ranging  from  zero  to  a  few  eV,  depending  upon  the  deposition 
conditions.  These  are  used  in  a  wide  range  of  applications,  including  tribological, 
optical,  electronic  and  biomedical  applications  [1,  10,  11].  The  high  hardness,  good 
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friction  and  wear  properties,  versatility  in  deposition  and  substrates,  and  no  require- 
ment for  post-deposition  finishing  make  them  very  attractive  for  tribological 
applications.  Two  primary  examples  include  overcoats  for  magnetic  media  (thin 
film  disks  and  ME  tapes)  and  MR-type  magnetic  heads  for  magnetic  storage  devices 
(Fig.  17.2)  [12-20],  and  the  emerging  field  of  microelectromechanical  systems 
(Fig.  17.3)  [21-24].  The  largest  industrial  application  of  the  family  of  amorphous 
carbon  coatings,  typically  deposited  by  DC/RF  magnetron  sputtering,  plasma- 
enhanced  chemical  vapor  deposition  or  ion  beam  deposition  techniques,  is  in 
magnetic  storage  devices.  These  are  employed  to  protect  magnetic  coatings  on 
thin  film  rigid  disks  and  metal  evaporated  tapes  and  the  thin  film  head  structure  of  a 
read/write  disk  head  against  wear  and  corrosion  (Fig.  17.2).  Thicknesses  ranging 
from  3  to  10  nm  are  employed  to  maintain  low  physical  spacing  between 
the  magnetic  element  of  a  read/write  head  and  the  magnetic  layer  of  the  storage 
media.  Mechanical  properties  affect  friction  wear  and  therefore  need  to  be 
optimized.  In  1998,  Gillette  introduced  Mach  3  razor  blades  with  ultrathin  DLC 
coatings,  which  could  potentially  become  a  very  large  industrial  application. 
DLC  coatings  are  also  used  in  other  commercial  applications  such  as  the  glass 
windows  of  supermarket  laser  barcode  scanners  and  sunglasses.  These  coatings  are 
actively  pursued  in  microelectromechanical  systems  (MEMS)  components  [23]. 

In  this  chapter,  a  state-of-the-art  review  of  recent  developments  in  the  field  of 
chemical,  mechanical,  and  tribological  characterization  of  ultrathin  amorphous 
carbon  coatings  is  presented.  An  overview  of  the  most  commonly  used  deposi- 
tion techniques  is  provided,  followed  by  typical  chemical  and  mechanical 
characterization  data  and  typical  tribological  data  from  both  coupon-level  test- 
ing and  functional  testing. 
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Fig.  17.2    Schematic  of  a  magnetic  rigid-disk  drive  and  MR  type  picoslider,  and  cross-sectional 
schematics  of  a  magnetic  thin  film  rigid  disk  and  a  metal  evaporated  (ME)  tape 
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Fig.  17.3  Schematics  of  (a)  a  capacitive-type  silicon  accelerometer  for  automotive  sensory 
applications,  (b)  digital  micrometer  devices  for  high-projection  displays,  and  (c)  a  polysilicon 
rotary  microactuator  for  a  magnetic  disk  drives 


17.1     Description  of  Common  Deposition  Techniques 


The  first  hard  amorphous  carbon  coatings  were  deposited  by  a  beam  of  carbon  ions 
produced  in  an  argon  plasma  on  room  temperature  substrates,  as  reported  by  Aisen- 
berg  and  Chabot  [25].  Subsequent  confirmation  by  Spencer  et  al.  [26]  led  to  the 
explosive  growth  of  this  field.  Following  this  first  work,  several  alternative  techni- 
ques were  developed.  Amorphous  carbon  coatings  have  been  prepared  by  a  variety 
of  deposition  techniques  and  precursors,  including  evaporation,  DC,  RF  or  ion  beam 
sputtering,  RF  or  DC  plasma-enhanced  chemical  vapor  deposition  (PECVD),  elec- 
tron cyclotron  resonance  chemical  vapor  deposition  (ECR-CVD),  direct  ion  beam 
deposition,  pulsed  laser  vaporization  and  vacuum  arc,  from  a  variety  of  carbon- 
bearing  solids  or  gaseous  source  materials  [1,27].  Coatings  with  both  graphitic  and 
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diamond-like  properties  have  been  produced.  Evaporation  and  ion  plating  techni- 
ques have  been  used  to  produce  coatings  with  graphitic  properties  (low  hardness, 
high  electrical  conductivity,  very  low  friction,  and  so  on,  and  all  of  the  techniques 
have  been  used  to  produce  coatings  with  diamond-like  properties. 

The  structure  and  properties  of  a  coating  are  dependent  upon  the  deposition 
technique  and  parameters.  High-energy  surface  bombardment  has  been  used  to 
produce  harder  and  denser  coatings.  It  is  reported  that  the  sp3/sp2  fraction  decreases 
in  the  order:  cathodic  arc  deposition,  pulsed  laser  vaporization,  direct  ion  beam 
deposition,  plasma-enhanced  chemical  vapor  deposition,  ion  beam  sputtering, 
DC/RF  sputtering  [12,  28,  29].  A  common  feature  of  these  techniques  is  that  the 
deposition  is  energetic;  in  other  words  the  carbon  species  arrive  with  an  energy 
significantly  greater  than  that  represented  by  the  substrate  temperature.  The  resul- 
tant coatings  are  amorphous  in  structure,  with  hydrogen  contents  of  up  to  50%,  and 
display  a  high  degree  of  sp  character.  From  the  results  of  previous  investigations,  it 
has  been  proposed  that  deposition  of  sp3-bonded  carbon  requires  that  the  depositing 
species  have  kinetic  energies  on  the  order  of  100  eV  or  higher,  well  above  those 
obtained  in  thermal  processes  like  evaporation  (0-0.1  eV).  The  species  must  then 
be  quenched  into  the  metastable  configuration  via  rapid  energy  removal.  Excess 
energy,  such  as  that  provided  by  substrate  heating,  is  detrimental  to  the  achieve- 
ment of  a  high  sp3  fraction.  In  general,  the  higher  the  fraction  of  sp3 -bonded  carbon 
atoms  in  the  amorphous  network,  the  greater  the  hardness  [29-36].  The  mechanical 
and  tribological  properties  of  a  carbon  coating  depend  on  the  sp3/sp2 -bonded  carbon 
ratio,  the  amount  of  hydrogen  in  the  coating,  and  the  adhesion  of  the  coating  to  the 
substrate,  which  are  influenced  by  the  precursor  material,  the  kinetic  energy  of 
the  carbon  species  prior  to  deposition,  the  deposition  rate,  the  substrate  temperature, 
the  substrate  biasing,  and  the  substrate  itself  [29,  33,  35,  37—46].  The  kinetic 
energies  and  deposition  rates  involved  in  selected  deposition  processes  used  in 
the  deposition  of  DLC  coatings  are  compared  in  Table  17.1  [1,28]. 

In  the  studies  by  Gupta  and  Bhushan  [12,  47],  Li  and  Bhushan  [48,  49],  and 
Sundararajan  and  Bhushan  [50],  DLC  coatings  typically  ranging  in  thickness  from 
3.5  to  20  nm  were  deposited  on  single-crystal  silicon,  magnetic  Ni-Zn  ferrite,  and 
AI2O3  -TiC  substrates  (surface  roughness  wl— 3  nm  RMS)  by  filtered  cathodic  arc 
(FCA)  deposition,  (direct)  ion  beam  deposition  (IBD),  electron  cyclotron  resonance 
chemical  vapor  deposition  (ECR-CVD),  plasma-enhanced  chemical  vapor  deposi- 
tion (PECVD),  and  DC/RF  planar  magnetron  sputtering  (SP)  deposition  techniques 
[51].  In  this  chapter,  we  will  limit  the  presentation  of  data  to  coatings  deposited  by 
FCA,  IBD,  ECR-CVD  and  SP  deposition  techniques. 


17.1.1     Filtered  Cathodic  Arc  Deposition 

When  the  filtered  cathodic  arc  deposition  technique  is  used  to  create  carbon  coat- 
ings [29,  52-59],  a  vacuum  arc  plasma  source  is  used  to  form  the  carbon  film.  In 
the  FCA  technique  used  by  Gupta  and  Bhushan  [12],  energetic  carbon  ions  are 
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Table  17.1  Summary  of  common  deposition  techniques,  the  kinetic  energies  of  the  depositing 
species  and  deposition  rates 

Deposition  technique  Process  Kinetic  Deposition 

energy  (eV)       rate  (nm/s) 
Filtered  cathodic  arc  (FCA)  Energetic  carbon  ions  produced         100-2,500         0.1-1 

by  a  vacuum  arc  discharge 

between  a  graphite  cathode 

and  a  grounded  anode 
Direct  ion  beam  (IB)  Carbon  ions  produced  from  50-500  0.1-1 

methane  gas  in  an  ion  source 

and  accelerated  toward  a 

substrate 
Plasma-enhanced  chemical  Hydrocarbon  species  produced  1-30  1-10 

vapor  deposition  (PECVD)  by  plasma  decomposition  of 

a  hydrocarbon  gas  (such  as 

acetylene)  are  accelerated 

toward  a  DC-biased  substrate 
Electron  cyclotron  resonance       Hydrocarbon  ions  produced  by  1-50  1-10 

plasma  chemical  vapor  the  plasma  decomposition  of 

deposition  (ECR-CVD)  ethylene  gas  in  the  presence 

of  a  plasma  at  the  electron 

cyclotron  resonance  condition 

are  accelerated  toward 

a  RF-biased  substrate 
DC/RF  sputtering  Sputtering  of  graphite  target  by         1-10  1-10 

argon  ion  plasma 

produced  by  a  vacuum  arc  discharge  between  a  planar  graphite  cathode  and  a 
grounded  anode  (Fig.  17.4a).  The  cathode  is  a  6  mm  diameter  high-density  graphite 
disk  mounted  on  a  water-cooled  copper  block.  The  arc  is  driven  at  an  arc  current  of 
200  A,  with  an  arc  duration  of  5  ms  and  an  arc  repetition  rate  of  1  Hz.  The  plasma 
beam  is  guided  by  a  magnetic  field  that  transports  current  between  the  electrodes  to 
form  tiny,  rapidly  moving  spots  on  the  cathode  surface.  The  source  is  coupled  to 
a  90°  bent  magnetic  filter  to  remove  the  macroparticles  produced  concurrently  with 
the  plasma  in  the  cathode  spots.  The  ion  current  density  at  the  substrate  is  in  the 
range  of  10-50  mA/cm2.  The  base  pressure  is  less  than  10~4  Pa.  A  much  higher 
plasma  density  is  achieved  using  a  powerful  arc  discharge  than  using  electron  beam 
evaporation  with  auxiliary  discharge.  In  the  discharge  process,  the  cathodic  mate- 
rial suffers  a  complicated  transition  from  the  solid  phase  to  an  expanding,  nonequi- 
librium  plasma  via  liquid  and  dense  equilibrium  nonideal  plasma  phases  [58].  The 
carbon  ions  in  the  vacuum  arc  plasma  have  a  direct  kinetic  energy  of  20-30  eV.  The 
high  voltage  pulses  are  applied  to  the  substrate  which  is  mounted  on  a  water-cooled 
sample  holder,  and  ions  are  accelerated  through  the  sheath  and  arrive  at  the 
substrate  with  an  additional  energy  given  by  the  potential  difference  between  the 
plasma  and  the  substrate.  The  substrate  holder  is  pulsed-biased  to  a  voltage  of  up 
to  —2  kV  with  a  pulse  duration  of  1  us.  The  negative  biasing  of  —2  kV  corresponds 
to  a  kinetic  energy  of  2  keV  for  the  carbon  ions.  The  use  of  a  pulsed  bias  instead  of 
a  DC  bias  enables  much  higher  voltages  to  be  applied  and  it  permits  a  surface 
potential  to  be  created  on  nonconducting  films.  The  ion  energy  is  varied  during 
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Fig.  17.4  Schematic  diagrams  of  deposition  by  (a)  filtered  cathodic  arc  deposition,  (b)  ion  beam 
deposition,  (c)  electron  cyclotron  resonance  chemical  vapor  deposition  (ECR-CVD),  (d)  DC 
planar  magnetron  sputtering,  and  (e)  plasma-enhanced  chemical  vapor  deposition  (PECVD) 


the  deposition.  For  the  first  10%  of  the  deposition,  the  substrates  are  pulsed-biased 
to  —2  keV  with  a  pulse  duty  cycle  of  25%,  so  for  25%  of  the  time  the  energy  is 
2  keV  and  for  the  remaining  75%  it  is  20  eV,  which  is  the  natural  energy  of  carbon 
ions  in  a  vacuum  discharge.  For  the  last  90%  of  the  deposition,  the  pulsed-biased 
voltage  is  reduced  to  —200  eV  with  a  pulsed  bias  duty  cycle  of  25%,  so  the  energy 
is  200  eV  for  25%  and  20  eV  for  75%  of  the  deposition.  The  high  energy  at  the 
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beginning  leads  to  good  intermixing  and  adhesion  of  the  films,  whereas  the  lower 
energy  at  the  later  stage  leads  to  hard  films.  Under  the  conditions  described,  the 
deposition  rate  at  the  substrate  is  about  0.1  nm/s,  which  is  slow.  Compared  with 
most  gaseous  plasma,  the  cathodic  arc  plasma  is  almost  fully  ionized,  and  the 
ionized  carbon  atoms  have  high  kinetic  energies  which  promotes  the  formation  of 
a  high  fraction  of  ^p3-bonded  carbon  ions,  which  in  turn  results  in  high  hardness  and 
higher  interfacial  adhesion.  Cuomo  et  al.  [42]  have  reported,  based  on  electron 
energy  loss  spectroscopy  (EELS)  analysis,  that  the  sp~  -bonded  carbon  fraction  of  a 
cathodic  arc  coating  is  83%  compared  to  38%  for  ion  beam  sputtered  carbon.  These 
coatings  are  reported  to  be  nonhydrogenated. 

This  technique  does  not  require  an  adhesion  underlayer  for  nonsilicon  substrates. 
However,  adhesion  of  the  DLC  coatings  on  the  electrically  insulating  substrate  is 
poor,  as  negative  pulsed  biasing  forms  an  electrical  sheath  that  accelerates  deposit- 
ing ions  to  the  substrate  and  enhances  the  adhesion  of  the  coating  to  the  substrate 
with  associated  ion  implantation.  It  is  difficult  to  build  potential  on  an  insulating 
substrate,  and  lack  of  biasing  results  in  poor  adhesion. 


17.1.2    Ion  Beam  Deposition 

In  the  direct  ion  beam  deposition  of  a  carbon  coating  [60-64],  as  used  by  Gupta  and 
Bhushan  [12],  the  carbon  coating  is  deposited  from  an  accelerated  carbon  ion  beam. 
The  sample  is  precleaned  by  ion  etching.  In  the  case  of  nonsilicon  substrates,  a  2-3  nm 
thick  amorphous  silicon  adhesion  layer  is  deposited  by  ion  beam  sputtering  using  an 
ion  beam  containing  a  mixture  of  methane  and  argon  at  200  V.  For  the  carbon 
deposition,  the  chamber  is  pumped  to  about  10-4  Pa,  and  methane  gas  is  fed  through 
the  cylindrical  ion  source  and  ionized  by  energetic  electrons  produced  by  a  hot-wire 
filament  (Fig.  17.4b).  Ionized  species  then  pass  through  a  grid  with  a  bias  voltage  of 
about  50  e  V,  where  they  gain  a  high  acceleration  energy  and  reach  a  hot-wire  filament, 
emitting  thermionic  electrons  that  neutralize  the  incoming  ions.  The  discharging  of 
ions  is  important  when  insulating  ceramics  are  used  as  substrates.  The  species  are  then 
deposited  on  a  water-cooled  substrate.  Operating  conditions  are  adjusted  to  give  an  ion 
beam  with  an  acceleration  energy  of  about  200  eV  and  a  current  density  of  about 
1  mA/cm  .  At  these  operating  conditions,  the  deposition  rate  is  about  0. 1  nm/s,  which 
is  slow.  Incidentally,  tough  and  soft  coatings  are  deposited  at  a  high  acceleration 
energy  of  about  400  eV  and  at  a  deposition  rate  of  about  1  nm/s.  The  ion  beam- 
deposited  carbon  coatings  are  reported  to  be  hydrogenated  (30-40at.%  hydrogen). 


17.1.3    Electron  Cyclotron  Resonance  Chemical 
Vapor  Deposition 

The  lack  of  electrodes  in  the  ECR-CVD  technique  and  its  ability  to  create  high 
densities  of  charged  and  excited  species  at  low  pressures  (<10~4  Torr)  make  it 
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attractive  for  coating  deposition  [65].  In  the  ECR-CVD  carbon  deposition  process 
described  by  Suzuki  and  Okada  [66]  and  used  by  Li  and  Bhushan  [48,  49]  and 
Sundararajan  and  Bhushan  [50],  microwave  power  is  generated  by  a  magnetron 
operating  in  continuous  mode  at  a  frequency  of  2.45  GHz  (Fig.  17.4c).  The  plasma 
chamber  functions  as  a  microwave  cavity  resonator.  The  magnetic  coils  arranged 
around  the  plasma  chamber  generate  a  magnetic  field  of  875  G,  necessary  for  elec- 
tron cyclotron  resonance.  The  substrate  is  placed  on  a  stage  that  is  connected  capa- 
citively  to  a  13.56  MHz  RF  generator.  The  process  gas  is  introduced  into  the 
plasma  chamber  and  the  hydrocarbon  ions  generated  are  accelerated  by  a  negative 
self-bias  voltage,  which  is  generated  by  applying  RF  power  to  the  substrate.  Both 
the  substrate  stage  and  the  plasma  chamber  are  water-cooled.  The  process  gas  used 
is  100%  ethylene  and  its  flow  rate  is  held  constant  at  100  seem.  The  microwave 
power  is  100-900  W.  The  RF  power  is  30-120  W.  The  pressure  during  deposition 
is  kept  close  to  the  optimum  value  of  5.5x10"  Torr.  Before  the  deposition,  the 
substrates  are  cleaned  using  Ar  ions  generated  in  the  ECR  plasma  chamber. 


17.1.4    Sputtering  Deposition 

In  DC  planar  magnetron  carbon  sputtering  [13,  33,  37,  40,  67-71],  the  carbon 
coating  is  deposited  by  the  sputtering  of  a  graphite  target  with  Ar  ion  plasma.  In  the 
glow  discharge,  positive  ions  from  the  plasma  strike  the  target  with  sufficient 
energy  to  dislodge  the  atoms  by  momentum  transfer,  which  are  intercepted  by  the 
substrate.  An  m5  nm  thick  amorphous  silicon  adhesion  layer  is  initially  deposited 
by  sputtering  if  the  deposition  is  to  be  earned  out  on  a  nonsilicon  surface.  In  the 
process  used  by  Gupta  and  Bhushan  [12],  the  coating  is  deposited  by  the  sputtering 
of  a  200  mm  diameter  graphite  target  with  Ar  ion  plasma  at  300  W  power  and  a 
pressure  of  about  0.5  Pa  (6  mTorr)  (Fig.  17.4d).  Plasma  is  generated  by  applying  a 
DC  potential  between  the  substrate  and  a  target.  Bhushan  et  al.  [35]  reported  that 
the  sputtered  carbon  coating  contains  about  35  at.%  hydrogen.  The  hydrogen  comes 
from  the  hydrocarbon  contaminants  present  in  the  deposition  chamber.  In  order  to 
produce  a  hydrogenated  carbon  coating  with  a  larger  concentration  of  hydrogen,  the 
deposition  is  carried  out  in  Ar  and  hydrogen  plasma. 


17.1.5    Plasma-Enhanced  Chemical  Vapor  Deposition 

In  the  RF-PECVD  deposition  of  carbon,  as  used  by  Gupta  and  Bhushan  [12],  the 
carbon  coating  is  deposited  by  adsorbing  hydrocarbon  free  radicals  onto  the  sub- 
strate and  then  via  chemical  bonding  to  other  atoms  on  the  surface.  The  hydro- 
carbon species  are  produced  by  the  RF  plasma  decomposition  of  hydrocarbon 
precursors  such  as  acetylene  (C2H2),  Fig.  17.4e  [27,  69,  72-75].  Instead  of  requiring 
thermal  energy,  as  in  thermal  CVD,  the  energetic  electrons  in  the  plasma  (at 
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a  pressure  of  1-5  x  102  Pa,  and  typically  less  than  10  Pa)  can  activate  almost  any 
reaction  among  the  gases  in  the  glow  discharge  at  relatively  a  low  substrate 
temperature  of  100-600°C  (typically  less  than  300°C).  To  deposit  the  coating  on 
nonsilicon  substrates,  an  amorphous  silicon  adhesion  layer  about  4  nm  thick  is  first 
deposited  under  similar  conditions  from  a  gas  mixture  of  1  %  silane  in  argon  in  order 
to  improve  adhesion  [76].  In  the  process  used  by  Gupta  and  Bhushan  [12],  the 
plasma  is  sustained  in  a  parallel-plate  geometry  by  a  capacitive  discharge  at 
13.56  MHz,  at  a  surface  power  density  of  around  100  mW/cm  .  The  deposition  is 
performed  at  a  flow  rate  on  the  order  of  6  seem  and  a  pressure  on  the  order  of  4  Pa 
(30  mTorr)  on  a  cathode-mounted  substrate  maintained  at  a  substrate  temperature 
of  180°C.  The  cathode  bias  is  held  fixed  at  about  —120  V  with  an  external  DC 
power  supply  attached  to  the  substrate  (powered  electrode).  The  carbon  coatings 
deposited  by  PECVD  usually  contain  hydrogen  at  levels  of  up  to  50%  [35,  77]. 


17.2     Chemical  and  Physical  Coating  Characterization 

The  chemical  structures  and  properties  of  amorphous  carbon  coatings  depend  on 
the  deposition  conditions  employed  when  they  are  formed.  It  is  important  to 
understand  the  relationship  between  the  chemical  structure  of  a  coating  and  its 
properties  since  it  allows  useful  deposition  parameters  to  be  defined.  Amorphous 
carbon  films  are  metastable  phases  formed  when  carbon  particles  are  condensed  on 
a  substrate.  The  prevailing  atomic  arrangement  in  the  DLC  coatings  is  amorphous 
or  quasi-amorphous,  with  small  diamond  (sp3),  graphite  (sp2)  and  other  unidentifi- 
able micro-  or  nanocrystallites.  The  coating  is  dependent  upon  the  deposition 
process  and  the  deposition  conditions  used  because  these  influence  the  sp3/sp2 
ratio  and  the  proportion  of  hydrogen  in  the  coating.  The  sp3/sp2  ratios  of  DLC 
coatings  typically  range  from  50%  to  close  to  100%,  and  hardness  increases  with 
the  sp  /sp  ratio.  Most  DLC  coatings,  except  those  produced  by  a  filtered  cathodic 
arc,  contain  from  a  few  to  about  50%  at.  hydrogen.  Sometimes  hydrogen  and 
nitrogen  are  deliberately  added  to  produce  hydrogenated  (a-C:H)  and  nitrogenated 
amorphous  carbon  (a-C:N)  coatings,  respectively.  Hydrogen  helps  to  stabilize  sp3 


sites  (most  of  the  carbon  atoms  attached  to  hydrogen  have  a  tetrahedral  structure), 
so  the  sp  /sp   ratio  for  hydrogenated 
ratio  for  a  random  covalent  netwc 
(Ns/,2  and  Nsp3 )  and  hydrogen  is  [30] 


so  the  sp  /sp   ratio  for  hydrogenated  carbon  is  higher  [30].  The  optimum  sp  /sp 
ratio  for  a  random  covalent  network  composed  of  sp    and  sp     carbon  sites 


V,^"-1,  (17.d 

Nsp2      8-13XH' 

where  XH  is  the  atomic  fraction  of  hydrogen.  The  hydrogenated  carbon  has  a  larger 
optical  band  gap,  higher  electrical  resistivity  (semiconductor),  and  a  lower  optical 
absorption   or  high   optical   transmission.    Hydrogenated   coatings   have   lower 
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densities,  probably  because  of  the  reduced  cross-linking  due  to  hydrogen  incorpora- 
tion. However,  the  hardness  decreases  with  increasing  hydrogen,  even  though  the 
proportion  of  sp~  sites  increases  (that  is,  as  the  local  bonding  environment  becomes 
more  diamondlike)  [78,  79].  It  is  speculated  that  the  high  hydrogen  content  intro- 
duces frequent  terminations  in  the  otherwise  strong  3-D  network,  and  hydrogen 
increases  the  soft  polymeric  component  of  the  structure  more  than  it  enhances  the 
cross-linking  sp3  fraction. 

A  number  of  investigations  have  been  performed  to  identify  the  microstructure 
of  amorphous  carbon  films  using  a  variety  of  techniques,  such  as  Raman  spectro- 
scopy, EELS,  nuclear  magnetic  resonance,  optical  measurements,  transmission 
electron  microscopy,  and  x-ray  photoelectron  spectroscopy  [33].  The  structure  of 
diamondlike  amorphous  carbon  is  amorphous  or  quasi-amorphous,  with  small 
graphitic  (sp~),  tetrahedrally  coordinated  (sp  )  and  other  types  of  nanocrystallites 
(typically  on  the  order  of  a  couple  of  nm  in  size,  randomly  oriented)  [33,  80,  81]. 
These  studies  indicate  that  the  chemical  structure  and  physical  properties  of  the 
coatings  are  quite  variable,  depending  on  the  deposition  techniques  and  film  growth 
conditions.  It  is  clear  that  both  sp2-  and  sp3-bonded  atomic  sites  are  incorporated  in 
diamondlike  amorphous  carbon  coatings  and  that  the  physical  and  chemical  proper- 
ties of  the  coatings  depend  strongly  on  their  chemical  bonding  and  microstructures. 
Systematic  studies  have  been  conducted  to  carry  out  chemical  characterization 
and  to  investigate  how  the  physical  and  chemical  properties  of  amorphous  carbon 
coatings  vary  as  a  function  of  deposition  conditions  [33,  35,  40].  EELS  and  Raman 
spectroscopy  are  commonly  used  to  characterize  the  chemical  bonding  and  micro- 
structure.  The  hydrogen  concentration  in  the  coating  is  obtained  via  forward  recoil 
spectrometry  (FRS).  A  variety  of  physical  properties  relevant  to  tribological  per- 
formance are  measured. 

In  order  to  give  the  reader  a  feel  for  typical  data  obtained  when  characteriz- 
ing amorphous  carbon  coatings  and  their  relationships  to  physical  properties,  we 
present  data  on  several  sputtered  coatings,  RF-PECVD  amorphous  carbon  and 
microwave-PECVD  (MPECVD)  diamond  coatings  [33,  35,  40].  The  sputtered 
coatings  were  DC  magnetron  sputtered  at  a  chamber  pressure  of  10  mTorr  under 
sputtering  power  densities  of  0.1  and  2.1  W/cm2  (labeled  as  coatings  Wl  and 
W2,  respectively)  in  a  pure  Ar  plasma.  These  coatings  were  prepared  at  a  power 
density  of  2.1  W/cm2  with  various  hydrogen  fractions  (0.5,  1,  3,  5,  7  and  10%) 
of  Ar/H;  the  gas  mixtures  were  labeled  as  HI,  H2,  H3,  H4,  H5,  and  H6, 
respectively. 


17.2.1     EELS  and  Raman  Spectroscopy 

EELS  and  Raman  spectra  of  four  sputtered  (Wl,  W2,  HI,  and  H3)  carbon  samples 
and  one  PECVD  carbon  sample  were  obtained.  Figure  17.5  shows  the  EELS  spectra 
of  these  carbon  coatings.  EELS  spectra  (up  to  50  eV)  for  bulk  diamond  and 
polycrystalline  graphite  are  also  shown  in  Fig.  17.5.  One  prominent  peak  is  seen 
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Fig.  17.5  (a)  Low-energy  and  (b)  high-energy  EELS  of  DLC  coatings  produced  by  the  DC 
magnetron  sputtering  and  RF-PECVD  techniques.  Data  for  bulk  diamond  and  polycrystalline 
graphite  are  included  for  comparison  [35] 


at  35  eV  in  diamond,  while  two  peaks  are  seen  at  27  eV  and  6.5  eV  in  graphite, 
which  are  called  the  (n  +  a)  and  (re)  peaks,  respectively.  These  peaks  are  produced 
by  the  loss  of  transmitted  electron  energy  to  plasmon  oscillations  of  the  valence 
electrons.  The  %  +  a  peak  in  each  coating  is  positioned  at  a  lower  energy  region 
than  that  of  graphite.  The  n  peaks  in  the  W  series  and  PECVD  samples  also  occur  at 
a  lower  energy  region  than  that  of  the  graphite.  However,  the  %  peaks  in  the  H-series 
are  comparable  to  or  higher  than  those  of  graphite  (Table  17.2).  The  plasmon 
oscillation  frequency  is  proportional  to  the  square  root  of  the  corresponding  elec- 
tron density  to  a  first  approximation.  Therefore,  the  samples  in  the  H-series  most 
likely  have  a  higher  density  of  n  electrons  than  the  other  samples. 

Amorphous  carbon  coatings  contain  (mainly)  a  mixture  of  sp2-  and  s/?3-bonds, 
even  though  there  is  some  evidence  for  the  presence  of  s/?-bonds  as  well  [82].  The 
PECVD  coatings  and  the  H-series  coatings  in  this  study  have  almost  the  same  mass 
density  (as  seen  in  Table  17.4,  discussed  in  more  detail  later),  but  the  former  have 
a  lower  concentration  of  hydrogen  (18.1%)  than  the  H-series  (35-39%)  (as  seen  in 
Table  17.3,  also  discussed  in  more  detail  later).  The  relatively  low-energy  positions 
of  the  re  peaks  of  the  PECVD  coatings  compared  to  those  of  the  H-series  indicates 
that  the  PECVD  coatings  contain  a  higher  fraction  of  sp3 -bonds  than  the  sputtered 
hydrogenated  carbon  coatings  (H-series). 

Figure  17.5b  shows  EELS  spectra  associated  with  the  inner-shell  (K-shell) 
ionization.  Again,  the  spectra  for  diamond  and  polycrystalline  graphite  are  included 
for  comparison.  Sharp  peaks  are  observed  at  285.5  eV  and  292.5  eV  in  graphite, 
while  no  peak  is  seen  at  285.5  eV  in  diamond.  The  general  features  of  the  K-shell 
EELS  spectra  for  the  sputtered  and  PECVD  carbon  samples  resemble  those  of 
graphite,  but  with  the  higher  energy  features  smeared.  The  peak  at  285.5  eV  in  the 
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Table  17.2    Experimental  results  from  EELS  and  Raman  spectroscopy  [35] 


Sample 

EELS  peak 

Raman  peak 

Raman  FWHMa 

iDnGd 

position 

n  (eV)    n  +  a 

position 
G-bandb 

D-bandc 

G-band 

D-band 

(eV) 

(cm"1) 

(cm"') 

(cm-1) 

(cm-1) 

Sputtered  a-C 

5.0 

24.6 

1,541 

1,368 

105 

254 

2.0 

coating  (Wl) 

Sputtered  a-C 

6.1 

24.7 

1,560 

1,379 

147 

394 

5.3 

coating  (W2) 

Sputtered  a-C:H 

6.3 

23.3 

1,542 

1,334 

95 

187 

1.6 

coating  (HI) 

Sputtered  a-C:H 

6.7 

22.4 

e 

e 

e 

e 

e 

coating  (H3) 

PECVD  a-C:H 

5.8 

24.0 

1,533 

1,341 

157 

427 

1.5 

coating 

Diamond  coating 

- 

- 

l,525f 

1,333s 

- 

8g 

- 

Graphite  (for 

6.4 

27.0 

1,580 

1,358 

37 

47 

0.7 

reference) 

Diamond  (for 

- 

37.0 

- 

l,332g 

- 

2" 

- 

reference) 

aFull  width  at  half  maximum 

Peak  associated  with  sp   graphite  carbon 
cPeak  associated  with  sp'  disordered  carbon  (not  sp'  -bonded  carbon) 

Intensity  ratio  of  the  D-band  to  the  G-band 
eFluorescence 

Includes  D-  and  G-band,  signal  too  weak  to  analyze 
gPeak  position  and  width  for  diamond  phonon 


Table  17.3    Experimental  results  of  FRS  analysis  [35] 


Sample 

Ar/H  ratio 

C  (at.% 

H  (at.% 

Ar  (at.% 

O  (at.% 

±   0.5) 

±   0.5) 

±   0.5) 

±   0.5) 

Sputtered  a-C 

100/0 

90.5 

9.3 

0.2 

- 

coating  (W2) 

Sputtered  a-C:H 

99/1 

63.9 

35.5 

0.6 

- 

coating  (H2) 

Sputtered  a-C:H 

97/3 

56.1 

36.5 

- 

7.4 

coating  (H3) 

Sputtered  a-C:H 

95/5 

53.4 

39.4 

- 

7.2 

coating  (H4) 

Sputtered  a-C:H 

93/7 

58.2 

35.4 

0.2 

6.2 

coating  (H5) 

Sputtered  a-C:H 

90/10 

57.3 

35.5 

- 

7.2 

coating  (H6) 

PECVD  a-C:H 

99.5%  CH4 

81.9 

18.1 

- 

- 

coating 

Diamond  coating 

H2-l  mol  %  CH4 

94.0 

6.0 

- 

- 

sputtered  and  PECVD  coatings  also  indicates  the  presence  of  sp  -bonded  atomic 
sites  in  the  coatings.  All  of  these  spectra  peak  at  292.5  eV,  similar  to  the  spectra  of 
graphite,  but  the  peak  in  graphite  is  sharper. 
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Raman  spectra  from  samples  Wl,  W2,  HI  and  PECVD  are  shown  in  Fig.  17.6. 
Raman  spectra  could  not  be  observed  in  specimens  H2  and  H3  due  to  high 
fluorescence  signals.  The  Raman  spectra  of  single-crystal  diamond  and  poly- 
crystalline  graphite  are  also  shown  for  comparison  in  Fig.  17.6.  The  results  from 
the  spectral  fits  are  summarized  in  Table  17.2.  We  will  focus  on  the  position  of  the 
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Fig.  17.6  Raman  spectra  of  the  DLC  coatings  produced  by  DC  magnetron  sputtering  and  RF- 
PECVD  techniques  and  a  diamond  film  produced  by  the  MPE-CVD  technique.  Data  for  bulk 
diamond  and  microcrystalline  graphite  are  included  for  comparison  [35] 


17     Nanotribology  of  Ultrathin  and  Hard  Amorphous  Carbon  Films 


363 


G-band,  which  has  been  shown  to  be  related  to  the  fraction  of  sp  -bonded  sites. 
Increasing  the  power  density  in  the  amorphous  carbon  coatings  (Wl  and  W2) 
results  in  a  higher  G-band  frequency,  implying  a  smaller  fraction  of  sp  -bonding 
in  W2  than  in  Wl .  This  is  consistent  with  the  higher  density  of  Wl .  HI  and  PEVCD 
have  even  lower  G-band  positions  than  Wl,  implying  an  even  higher  fraction  of 
.s/?3-bonding,  which  is  presumably  caused  by  the  incorporation  of  H  atoms  into  the 
lattice.  The  high  hardness  of  H3  might  be  attributed  to  efficient  sp3  cross-linking  of 
small  sp  -ordered  domains. 

The  Raman  spectrum  of  a  MPECVD  diamond  coating  is  shown  in  Fig.  17.6.  The 
Raman  peak  of  diamond  is  at  1,333  cm-1,  with  aline  width  of  7.9  cm-1.  There  is  a 
small  broad  peak  at  around  1,525  cm-1,  which  is  attributed  to  a  small  amount  of 
a-C:H.  This  impurity  peak  is  not  intense  enough  to  be  able  to  separate  the  G-  and 
D-bands.  The  diamond  peak  frequency  is  very  close  to  that  of  natural  diamond 
(1,332.5  cm-1,  see  Fig.  17.6),  indicating  that  the  coating  is  not  under  stress  [83]. 
The  large  line  width  compared  to  that  of  natural  diamond  (2  cm-1)  indicates  that 
the  microcrystallites  probably  have  a  high  concentration  of  defects  [84]. 


17.2.2    Hydrogen  Concentrations 

A  FRS  analysis  of  six  sputtered  (W2,  H2,  H3,  H4,  H5,  and  H6)  coatings,  one 
PECVD  coating,  and  one  diamond  coating  was  performed.  Figure  17.7  shows  an 
overlay  of  the  spectra  from  the  six  sputtered  samples.  Similar  spectra  were  obtained 
from  the  PECVD  and  the  diamond  films.  Table  17.3  shows  the  H  and  C  fractions  as 
well  as  the  amount  of  impurities  (Ar  and  O)  in  the  films  in  atomic  %.  Most  apparent 
is  the  large  fraction  of  H  in  the  sputtered  films.  Regardless  of  how  much  H2  is  in  the 
Ar  sputtering  gas,  the  H  content  of  the  coatings  is  about  the  same,  «  35  at.%. 


Fig.  17.7    FRS  spectra  for  six 
DLC  coatings  produced  by 
DC  magnetron  sputtering  [35] 
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Interestingly,  there  is  still  ss  10%  H  present  in  the  coating  sputtered  in  pure  Ar 
(W2).  It  is  interesting  to  note  that  Ar  is  present  only  in  coatings  grown  using  Ar 
carrier  gas  with  a  low  (<1%)  H  content.  The  presence  of  O  in  the  coatings 
combined  with  the  fact  that  the  coatings  were  prepared  approximately  nine  months 
before  the  FRS  analysis  caused  suspicion  that  they  had  absorbed  water  vapor,  and 
that  this  may  be  the  cause  of  the  H  peak  in  specimen  W2. 

All  samples  were  annealed  for  24  h  at  250°C  in  a  flowing  He  furnace  and  then 
reanalyzed.  Surprisingly,  the  H  contents  of  all  coatings  measured  increased 
slightly,  even  though  the  O  content  decreased,  and  W2  still  had  a  substan- 
tial amount  of  H2.  This  slight  increase  in  H  concentration  is  not  understood. 
However,  the  fact  that  the  H  concentration  did  not  decrease  with  the  oxygen  as 
a  result  of  annealing  suggests  that  high  H  concentration  is  not  due  to  adsorbed 
water  vapor.  The  PECVD  film  has  more  H  (rs  18%)  than  the  sputtered  films 
initially,  but  after  annealing  it  has  the  same  fraction  as  specimen  W2,  the  film 
sputtered  in  pure  Ar.  The  diamond  film  has  the  smallest  amount  of  hydrogen, 
as  seen  in  Table  17.3. 


17.2.3    Physical  Properties 

The  physical  properties  of  the  four  sputtered  (Wl,  W2,  HI,  and  H3)  coatings,  one 
PECVD  coating,  one  diamond  coating,  and  bulk  diamond  and  graphite  are  pre- 
sented in  Table  17.4.  The  hydrogenated  carbon  and  the  diamond  coatings  have  very 
high  resistivity  compared  to  unhydrogenated  carbon  coatings.  It  appears  that 


Table  17.4    Experimental  results  of  physical  properties  [35] 
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unhydrogenated  carbon  coatings  have  higher  densities  than  hydrogenated  carbon 
coatings,  although  both  groups  are  less  dense  than  graphite.  The  density  depends 
upon  the  deposition  technique  and  the  deposition  parameters.  It  appears  that 
unhydrogenated  sputtered  coatings  deposited  at  low  power  exhibit  the  highest 
density.  The  nanohardness  of  hydrogenated  carbon  is  somewhat  lower  than  that 
of  unhydrogenated  carbon.  PECVD  coatings  are  significantly  harder  than  sputtered 
coatings.  The  nanohardness  and  modulus  of  elasticity  of  a  diamond  coating  is  very 
high  compared  to  that  of  a  DLC  coating,  even  though  the  hydrogen  contents  are 
similar.  The  compressive  residual  stresses  of  the  PECVD  coatings  are  substantially 
higher  than  those  of  sputtered  coatings,  which  is  consistent  with  the  results  for  the 
hardness. 

Figure  17.8a  shows  the  effect  of  hydrogen  in  the  plasma  on  the  residual  stresses 
and  the  nanohardness  for  the  sputtered  coatings  W2  and  HI  to  H6.  The  coatings 
made  with  a  hydrogen  flow  of  between  0.5  and  1.0%  delaminate  very  quickly, 
even  when  they  are  only  a  few  tens  of  nm  thick.  In  pure  Ar  and  at  H2  flows  that  are 
greater  than  1%,  the  coatings  appear  to  be  more  adhesive.  The  tendency  of  some 
coatings  to  delaminate  can  be  caused  by  intrinsic  stress  in  the  coating,  which  is 
measured  by  substrate  bending.  All  of  the  coatings  in  the  figure  are  in  compressive 
stress.  The  maximum  stress  occurs  between  0  and  1%  H2  flow,  but  the  stress 
cannot  be  quantified  in  this  range  because  the  coatings  instantly  delaminate 
upon  exposure  to  air.  At  higher  hydrogen  concentrations  the  stress  gradually 
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Fig.  17.8  Residual  compressive  stresses  and  nanohardness  (a)  as  a  function  of  hydrogen  flow 
rate,  where  the  sputtering  power  is  100  W  and  the  target  diameter  is  75  mm  (power  density  = 
2.1  W/cm2),  and  (b)  as  a  function  of  sputtering  power  over  a  75  mm  diameter  target  with  no 
hydrogen  added  to  the  plasma  [40] 


366  B.  Bhushan 

diminishes.  A  generally  decreasing  trend  is  observed  for  the  hardness  of  the 
coatings  as  the  hydrogen  content  is  increased.  The  hardness  decreases  slightly, 
going  from  0%  H2  to  0.5%  H2,  and  then  decreases  sharply.  These  results  are  pro- 
bably lower  than  the  true  values  because  of  local  delamination  around  the 
indentation  point.  This  is  especially  likely  for  the  0.5%  and  1.0%  coatings, 
where  delamination  is  visually  apparent,  but  may  also  be  true  to  a  lesser  extent 
for  the  other  coatings.  Such  an  adjustment  would  bring  the  hardness  profile  into 
closer  correlation  with  the  stress  profile.  Weissmantel  et  al.  [68]  and  Scharff  et  al. 
[85]  observed  a  downturn  in  hardness  for  high  bias  and  a  low  hydrocarbon  gas 
pressure  for  ion-plated  carbon  coating,  and,  therefore,  presumably  low  hydrogen 
content  in  support  of  the  above  contention. 

Figure  17.8b  shows  the  effect  of  sputtering  power  (with  no  hydrogen  added  to 
the  plasma)  on  the  residual  stresses  and  nanohardness  for  various  sputtered  coat- 
ings. As  the  power  decreases,  the  compressive  stress  does  not  seem  to  change  while 
the  nanohardness  slowly  increases.  The  rate  of  change  becomes  more  rapid  at  very 
low  power  levels. 

The  addition  of  H2  during  sputtering  of  the  carbon  coatings  increases  the  H 
concentration  in  the  coating.  Hydrogen  causes  the  character  of  the  C-C  bonds  to 
shift  from  sp  to  sp' ,  and  a  rise  in  the  number  of  C-H  bonds,  which  ultimately 
relieves  stress  and  produces  a  softer  polymerlike  material.  Low  power  deposition, 
like  the  presence  of  hydrogen,  appears  to  stabilize  the  formation  of  sp3  C-C  bonds, 
increasing  hardness.  These  coatings  relieve  stress  and  lead  to  better  adhesion. 
Increasing  the  temperature  during  deposition  at  high  power  density  results  in 
graphitization  of  the  coating  material,  producing  a  decrease  in  hardness  with  an 
increase  in  power  density.  Unfortunately,  low  power  also  means  impractically  low 
deposition  rates. 


17.2.4    Summary 

Based  on  analyses  of  EELS  and  Raman  data,  it  is  clear  that  all  DLC  coatings  have 
both  sp2  and  sp3  bonding  characteristics.  The  sp2/sp3  bonding  ratio  depends 
upon  the  deposition  technique  and  parameters  used.  DLC  coatings  deposited 
by  sputtering  and  PECVD  contain  significant  concentrations  of  hydrogen,  while 
diamond  coatings  contain  only  small  amounts  of  hydrogen  impurities.  Sputtered 
coatings  with  no  deliberate  addition  of  hydrogen  in  the  plasma  contain  a  signifi- 
cant amount  of  hydrogen.  Regardless  of  how  much  hydrogen  is  in  the  Ar  sput- 
tering gas,  the  hydrogen  content  of  the  coatings  increases  initially  but  then  does 
not  increase  further. 

Hydrogen  flow  and  sputtering  power  density  affect  the  mechanical  properties  of 
these  coatings.  Maximum  compressive  residual  stress  and  hardness  occur  between 
0  and  1%  hydrogen  flow,  resulting  in  rapid  delamination.  Low  sputtering  power 
moderately  increases  hardness  and  also  relieves  residual  stress. 
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17.3     Micromechanical  and  Tribological  Coating 
Characterization 

17.3.1     Micromechanical  Characterization 

Common  mechanical  characterizations  include  measurements  of  hardness  and 
elastic  modulus,  fracture  toughness,  fatigue  life,  and  scratch  and  wear  testing. 
Nanoindentation  and  atomic  force  microscopy  (AFM)  are  used  for  the  mechanical 
characterization  of  ultrathin  films. 

Hardness  and  elastic  modulus  are  calculated  from  the  load  displacement  data 
obtained  by  nanoindentation  at  loads  of  typically  0.2-10  mN  using  a  commercially 
available  nanoindenter  [23,  86].  This  instrument  monitors  and  records  the  dynamic 
load  and  displacement  of  the  three-sided  pyramidal  diamond  (Berkovich)  indenter 
during  indentation.  For  fracture  toughness  measurements  of  ultrathin  films  100  nm 
to  a  few  um  thick,  a  nanoindentation-based  technique  is  used  in  which  through- 
thickness  cracking  in  the  coating  is  detected  from  a  discontinuity  observed  in  the 
load-displacement  curve,  and  the  energy  released  during  the  cracking  is  obtained 
from  the  curve  [87-89].  Based  on  the  energy  released,  fracture  mechanics  analysis 
is  then  used  to  calculate  the  fracture  toughness.  An  indenter  with  a  cube-corner  tip 
geometry  is  preferred  because  the  through-thickness  cracking  of  hard  films  can  be 
accomplished  at  lower  loads.  In  fatigue  measurement,  a  conical  diamond  indenter 
with  a  tip  radius  of  about  1  urn  is  used  and  load  cycles  with  sinusoidal  shapes  are 
applied  [90,  91].  The  fatigue  behavior  of  a  coating  is  studied  by  monitoring  the 
change  in  contact  stiffness,  which  is  sensitive  to  damage  formation. 


Hardness  and  Elastic  Modulus 

For  materials  that  undergo  plastic  deformation,  high  hardness  and  elastic  modulus 
are  generally  needed  for  low  friction  and  wear,  whereas  for  brittle  materials,  high 
fracture  toughness  is  needed  [2,  3,  21].  The  DLC  coatings  used  for  many  applica- 
tions are  hard  and  brittle,  and  values  of  hardness  and  fracture  toughness  need  to  be 
optimized. 

Representative  load-displacement  plots  of  indentations  made  at  0.2  mN  peak 
indentation  load  on  100  nm  thick  DLC  coatings  deposited  by  the  four  deposition 
techniques  on  a  single-crystal  silicon  substrate  are  compared  in  Fig.  17.9.  The 
indentation  depths  at  the  peak  load  range  from  about  1 8  to  26  nm,  smaller  than 
that  of  the  coating  thickness.  Many  of  the  coatings  exhibit  a  discontinuity  or 
pop-in  marks  in  the  loading  curve,  which  indicate  a  sudden  penetration  of 
the  tip  into  the  sample.  A  nonuniform  penetration  of  the  tip  into  a  thin  coating 
possibly  results  from  formation  of  cracks  in  the  coating,  formation  of  cracks  at 
the  coating-substrate  interface,  or  debonding  or  delamination  of  the  coating  from 
the  substrate. 
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Fig.  17.9    Load  versus  displacement  plots  for  various  1 00  nm  thick  amorphous  carbon  coatings  on 
single-crystal  silicon  substrate  and  bare  substrate 


The  hardness  and  elastic  modulus  values  for  a  peak  load  of  0.2  mN  on  the 
various  coatings  and  single-crystal  silicon  substrate  are  summarized  in  Table  17.5 
and  Fig.  17.10  [47,  49,  89,  90].  Typical  values  for  the  peak  and  residual  indentation 
depths  range  from  18  to  26  nm  and  6  to  12  nm,  respectively.  The  FCA  coating 
exhibits  the  greatest  hardness  of  24  GPa  and  the  highest  elastic  modulus  of 
280  GPa  of  the  various  coatings,  followed  by  the  ECR-CVD,  IB  and  SP  coatings. 
Hardness  and  elastic  modulus  have  been  known  to  vary  over  a  wide  range  with  the 
sp3-to-sp2  bonding  ratio,  which  depends  on  the  kinetic  energy  of  the  carbon  species 
and  the  amount  of  hydrogen  [6,  30,  47,  92,  93].  The  high  hardness  and  elastic 
modulus  of  the  FCA  coatings  are  attributed  to  the  high  kinetic  energy  of  the  carbon 
species  involved  in  the  FCA  deposition  [12,  47].  Anders  et  al.  [57]  also  reported 
a  high  hardness,  measured  by  nanoindentation,  of  about  45  GPa  for  cathodic  arc 
carbon  coatings.  They  observed  a  change  in  hardness  from  25  to  45  GPa  with 
a  pulsed  bias  voltage  and  bias  duty  cycle.  The  high  hardness  of  cathodic  arc  carbon 
was  attributed  to  the  high  percentage  (more  than  50%)  of  sp3  bonding.  Savvides  and 
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Fig.  17.10  Bar  charts  summarizing  data  for  various  coatings  and  single-crystal  silicon  substrate. 
Hardnesses,  elastic  moduli,  and  fracture  toughnesses  were  measured  on  100  lira  thick  coatings, 
and  fatigue  lifetimes  and  critical  loads  during  scratch  were  measured  on  20  nm  thick  coatings 


Bell  [94]  reported  an  increase  in  hardness  from  12  to  30  GPa  and  an  increase  in 
elastic  modulus  from  62  to  213  GPa  with  an  increase  in  the  sp3-to-sp2  bonding 
ratio,  from  3  to  6,  for  a  C:H  coating  deposited  by  low-energy  ion-assisted  unbal- 
anced magnetron  sputtering  of  a  graphite  target  in  an  Ar-H2  mixture. 

Bhushan  et  al.  [35]  reported  hardnesses  of  about  15  and  35  GPa  and  elastic 
moduli  of  about  140  and  200  GPa,  measured  by  nanoindentation,  for  a-C:H  coat- 
ings deposited  by  DC  magnetron  sputtering  and  RF-plasma-enhanced  chemical 
vapor  deposition  techniques,  respectively.  The  high  hardness  of  RF-PECVD  a-C:H 
coatings  is  attributed  to  a  higher  concentration  of  sp  bonding  than  in  a  sputtered 
hydrogenated  a-C:H  coating.  Hydrogen  is  believed  to  play  a  crucial  role  in  the 
bonding  configuration  of  carbon  atoms  by  helping  to  stabilize  the  tetrahedral 
coordination  (sp3  bonding)  of  carbon  species.  Jansen  et  al.  [78]  suggested  that 
the  incorporation  of  hydrogen  efficiently  passivates  the  dangling  bonds  and  satu- 
rates the  graphitic  bonding  to  some  extent.  However,  a  large  concentration  of 
hydrogen  in  the  plasma  in  sputter  deposition  is  undesirable.  Cho  et  al.  [33]  and 
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Rubin  et  al.  [40]  observed  that  the  hardness  decreased  from  15  to  3  GPa  with 
increased  hydrogen  content.  Bhushan  and  Doerner  [95]  reported  a  hardness  of 
about  10-20  GPa  and  an  elastic  modulus  of  about  170  GPa,  measured  by  nanoin- 
dentation,  for  100  nm  thick  DC  magnetron  sputtered  a-C:H  on  the  silicon  substrate. 
Residual  stresses  measured  using  a  well-known  curvature  measurement  tech- 
nique are  also  presented  in  Table  17.5.  The  DLC  coatings  are  under  significant 
compressive  internal  stresses.  Very  high  compressive  stresses  in  FCA  coatings  are 
believed  to  be  partly  responsible  for  their  high  hardness.  However,  high  stresses 
result  in  coating  delamination  and  buckling.  For  this  reason,  the  coatings  that  are 
thicker  than  about  1  um  have  a  tendency  to  delaminate  from  the  substrates. 


Fracture  Toughness 

Representative  load-displacement  curves  of  indentations  on  400  nm  thick  cathodic 
arc  carbon  coating  on  silicon  for  various  peak  loads  are  shown  in  Fig.  17.11.  Steps 
are  found  in  all  of  the  curves,  as  shown  by  arrows  in  Fig.  17. 1  la.  In  the  30  mN  SEM 
micrograph,  in  addition  to  several  radial  cracks,  ring-like  through-thickness  crack- 
ing is  observed  with  small  lips  of  material  overhanging  the  edge  of  indentation.  The 
steps  at  about  23  mN  in  the  loading  curves  of  indentations  made  with  30  and 
100  mN  peak  indentation  loads  result  from  the  ring-like  through-thickness  crack- 
ing. The  step  at  175  mN  in  the  loading  curve  of  the  indentation  made  with  200  mN 
peak  indentation  load  is  caused  by  spalling  and  second  ring-like  through-thickness 
cracking. 

According  to  Li  et  al.  [87],  the  fracture  process  progresses  in  three  stages:  (1) 
ring-like  through-thickness  cracks  form  around  the  indenter  due  to  high  stresses  in 
the  contact  area,  (2)  delamination  and  buckling  occur  around  the  contact  area  at  the 
coating-substrate  interface  due  to  high  lateral  pressure,  and  (3)  second  ring-like 
through-thickness  cracks  and  spalling  are  generated  by  high  bending  stresses  at  the 
edges  of  the  buckled  coating  (Fig.  17.12a).  In  the  first  stage,  if  the  coating  under  the 
indenter  is  separated  from  the  bulk  coating  via  the  first  ring-like  through-thickness 
cracking,  a  corresponding  step  will  be  present  in  the  loading  curve.  If  discontinuous 
cracks  form  and  the  coating  under  the  indenter  is  not  separated  from  the  remaining 
coating,  no  step  appears  in  the  loading  curve,  because  the  coating  still  supports  the 
indenter  and  the  indenter  cannot  suddenly  advance  into  the  material.  In  the  second 
stage,  for  the  coating  used  in  the  present  study,  the  advances  of  the  indenter  during 
the  radial  cracking  delamination,  and  buckling  are  not  big  enough  to  form  steps  in 
the  loading  curve,  because  the  coating  around  the  indenter  still  supports  the 
indenter,  but  they  generate  discontinuities  that  change  the  slope  of  the  loading 
curve  with  increasing  indentation  load.  In  the  third  stage,  the  stress  concentration  at 
the  end  of  the  interfacial  crack  cannot  be  relaxed  by  the  propagation  of  the 
interfacial  crack.  With  an  increase  in  indentation  depth,  the  height  of  the  bulged 
coating  increases.  When  the  height  reaches  a  critical  value,  the  bending  stresses 
caused  by  the  bulged  coating  around  the  indenter  will  result  in  second  ring-like 
through-thickness  crack  formation  and  spalling  at  the  edge  of  the  buckled  coating, 
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Fig.  17.11  (a)  Load-displacement  curves  of  indentations  made  with  30,  100,  and  200  mN  peak 
indentation  loads  using  the  cube  comer  indenter,  and  (b)  SEM  micrographs  of  indentations  on  a 
400  nm  thick  cathodic  arc  carbon  coating  on  silicon.  Arrows  indicate  steps  during  the  loading 
portion  of  the  load-displacement  curve  [87] 


as  shown  in  Fig.  17.12a,  which  leads  to  a  step  in  the  loading  curve.  This  is  a  single 
event  and  it  results  in  the  separation  of  the  part  of  the  coating  around  the  indenter 
from  the  bulk  coating  via  cracking  through  coatings.  The  step  in  the  loading  curve 
results  (completely)  from  the  coating  cracking  and  not  from  the  interfacial  cracking 
or  the  substrate  cracking. 

The  area  under  the  load-displacement  curve  is  the  work  performed  by  the 
indenter  during  the  elastic-plastic  deformation  of  the  coating/substrate  system. 
The  strain  energy  release  in  the  first/second  ring-like  cracking  and  spalling  can  be 
calculated  from  the  corresponding  steps  in  the  loading  curve.  Figure  17.12b  shows 
a  modeled  load-displacement  curve.  0ACD  is  the  loading  curve  and  DE  is  the 
unloading  curve.  The  first  ring-like  through-thickness  crack  should  be  considered. 
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Fig.  17.12    (a)  Schematic  of 
various  stages  in 
nanoindentation  fracture  for 
the  coating/substrate  system, 
and  (b)  schematic  of  a 
load-displacement  curve 
showing  a  step  during  the 
loading  cycle  and  the 
associated  energy  release 
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It  should  be  emphasized  that  the  edge  of  the  buckled  coating  is  far  from  the  indenter 
and,  therefore,  it  does  not  matter  if  the  indentation  depth  exceeds  the  coating 
thickness,  or  if  deformation  of  the  substrate  occurs  around  the  indenter  when  we 
measure  the  fracture  toughness  of  the  coating  from  the  energy  released  during  the 
second  ring-like  through-thickness  cracking  (spalling).  Suppose  that  the  second 
ring-like  through-thickness  cracking  occurs  at  AC.  Now,  let  us  consider  the  loading 
curve  OAC.  If  the  second  ring-like  through-thickness  crack  does  not  occur,  OA  will 


374  B.  Bhushan 

extend  to  OB  to  reach  the  same  displacement  as  OC.  This  means  that  crack  forma- 
tion changes  the  loading  curve  OAB  into  OAC.  For  point  B,  the  elastic-plastic 
energy  stored  in  the  coating/substrate  system  should  be  OBF.  For  point  C,  the  elastic- 
plastic  energy  stored  in  the  coating/substrate  system  should  be  OACF.  Therefore, 
the  energy  difference  before  and  after  the  crack  generation  is  the  area  of  ABC,  so 
this  energy  stored  in  ABC  will  be  released  as  strain  energy,  creating  the  ring-like 
through-thickness  crack.  According  to  the  theoretical  analysis  by  Li  et  al.  [87], 
the  fracture  toughness  of  a  thin  film  can  be  written  as 


K]C   — 


U 


(l-v2)2nCRJ\t 


1/2 

(17.2) 


where  E  is  the  elastic  modulus,  v  is  the  Poisson  ratio,  2nCR  is  the  crack  length  in  the 
coating  plane,  t  is  the  coating  thickness,  and  U  is  the  strain  energy  difference  before 
and  after  cracking. 

The  fracture  toughness  of  the  coatings  can  be  calculated  using  (17.2).  The  loading 
curve  is  extrapolated  along  the  tangential  direction  of  the  loading  curve  from  the 
starting  point  of  the  step  up  to  reach  the  same  displacement  as  the  step.  The  area 
between  the  extrapolated  line  and  the  step  is  the  estimated  strain  energy  difference 
before  and  after  cracking.  CR  is  measured  from  SEM  micrographs  or  AFM  images  of 
indentations.  The  second  ring-like  crack  is  where  the  spalling  occurs.  For  example, 
for  the  400  nm  thick  cathodic  arc  carbon  coating  data  presented  in  Fig.  17.11,  the 
U  value  of  7.1  nN  m  is  assessed  from  the  steps  in  Fig.  17.11a  at  peak  indentation 
loads  of  200  mN.  For  a  CR  value  of  7.0  urn,  from  Fig.  17.1  lb,  with  E  =300  GPa 
(measured  using  a  nanoindenter  and  an  assumed  value  of  0.25  for  v),  fracture 
toughness  values  are  calculated  as  10.9  MPa  ^/m  [87,  88].  The  fracture  toughness 
and  related  data  for  various  100  nm  thick  DLC  coatings  are  presented  in  Fig.  17.10 
and  Table  17.5. 


Nanofatigue 

Delayed  fracture  resulting  from  extended  service  is  called  fatigue  [96].  Fatigue 
fracturing  progresses  through  a  material  via  changes  within  the  material  at  the  tip 
of  a  crack,  where  there  is  a  high  stress  intensity.  There  are  several  situations:  cyclic 
fatigue,  stress  corrosion  and  static  fatigue.  Cyclic  fatigue  results  from  cyclic  loading 
of  machine  components.  In  a  low-flying  slider  in  a  magnetic  head-disk  interface, 
isolated  asperity  contacts  occur  during  use  and  the  fatigue  failure  occurs  in  the 
multilayered  thin  film  structure  of  the  magnetic  disk  [13].  Impact  occurs  in  many 
MEMS  components  and  the  failure  mode  is  cyclic  fatigue.  Asperity  contacts  can  be 
simulated  using  a  sharp  diamond  tip  in  oscillating  contact  with  the  component. 

Figure  17.13  shows  the  schematic  of  a  fatigue  test  on  a  coating/substrate  system 
using  a  continuous  stiffness  measurement  (CSM)  technique.  Load  cycles  are 
applied  to  the  coating,  resulting  in  cyclic  stress.  P  is  the  cyclic  load,  Pmem  is  the 
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Fig.  17.13    Schematic  of  a 
fatigue  test  on  a  coating/ 
substrate  system  using  the 
continuous  stiffness 
measurement  technique 


n+P0sin(of) 


mean  load,  P0  is  the  oscillation  load  amplitude,  and  co  is  the  oscillation  frequency. 
The  following  results  can  be  obtained:  (1)  endurance  limit  (the  maximum  load 
below  which  there  is  no  coating  failure  for  a  preset  number  of  cycles);  (2)  number 
of  cycles  at  which  the  coating  failure  occurs;  and  (3)  changes  in  contact  stiffness 
(measured  using  the  unloading  slope  of  each  cycle),  which  can  be  used  to  monitor 
the  propagation  of  interfacial  cracks  during  a  cyclic  fatigue  process. 

Figure  17.14a  shows  the  contact  stiffness  as  a  function  of  the  number  of  cycles 
for  20  nm  thick  FCA  coatings  cyclically  deformed  by  various  oscillation  load 
amplitudes  with  a  mean  load  of  10  uN  at  a  frequency  of  45  Hz.  At  4  uN  load 
amplitude,  no  change  in  contact  stiffness  was  found  for  all  coatings.  This  indicates 
that  4  uN  load  amplitude  is  not  high  enough  to  damage  the  coatings.  At  6  uN  load 
amplitude,  an  abrupt  decrease  in  contact  stiffness  was  found  after  a  certain  number 
of  cycles  for  each  coating,  indicating  that  fatigue  damage  had  occurred.  With 
increasing  load  amplitude,  the  number  of  cycles  to  failure  Nt-  decreases  for  all 
coatings.  Load  amplitude  versus  Nf,  a  so-called  S-N  curve,  is  plotted  in  Fig.  17. 14b. 
The  critical  load  amplitude  below  which  no  fatigue  damage  occurs  (an  endurance 
limit),  was  identified  for  each  coating.  This  critical  load  amplitude,  together  with 
the  mean  load,  are  of  critical  importance  to  the  design  of  head-disk  interfaces  or 
MEMS/NEMS  device  interfaces. 

To  compare  the  fatigue  lives  of  the  different  coatings  studied,  the  contact 
stiffness  is  shown  as  a  function  of  the  number  of  cycles  for  20  nm  thick  FCA,  IB, 
ECR-CVD  and  SP  coatings  cyclically  deformed  by  an  oscillation  load  amplitude  of 
8  (iN  with  a  mean  load  of  10  |xN  at  a  frequency  of  45  Hz  in  Fig.  17.14c.  The  FCA 
coating  has  the  largest  Nf,  followed  by  the  ECR-CVD,  IB  and  SP  coatings.  In 
addition,  after  Nf,  the  contact  stiffness  of  the  FCA  coating  shows  a  slower  decrease 
than  the  other  coatings.  This  indicates  that  the  FCA  coating  was  less  damaged 
than  the  others  after  Nf.  The  fatigue  behaviors  of  FCA  and  ECR-CVD  coatings  of 
different  thicknesses  are  compared  in  Fig.  17.14d.  For  both  coatings,  Nf  decreases 
with  decreasing  coating  thickness.  At  10  nm,  FCA  and  ECR-CVD  have  almost 
the  same  fatigue  life.  At  5  nm,  the  ECR-CVD  coating  shows  a  slightly  longer 
fatigue  life  than  the  FCA  coating.  This  indicates  that  the  microstructure  and  residual 
stresses  are  not  uniform  across  the  thickness  direction,  even  for  nanometer-thick 
DLC  coatings.  Thinner  coatings  are  more  influenced  by  interfacial  stresses  than 
thicker  coatings. 
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Fig.  17.14  (a)  Contact  stiffness  as  a  function  of  the  number  of  cycles  for  20  nm  thick  FCA 
coatings  cyclically  deformed  by  various  oscillation  load  amplitudes  with  a  mean  load  of  10  uN  at 
a  frequency  of  45  Hz;  (b)  plot  of  load  amplitude  versus  A/f;  (c)  contact  stiffness  as  a  function  of  the 
number  of  cycles  for  four  different  20  nm  thick  coatings  with  a  mean  load  of  10  pN  and  a  load 
amplitude  of  8  pN  at  a  frequency  of  45  Hz;  and  (d)  contact  stiffness  as  a  function  of  the  number  of 
cycles  for  two  coatings  of  different  thicknesses  at  a  mean  load  of  10  uN  and  a  load  amplitude  of 
8  uN  at  a  frequency  of  45  Hz 


Figure  17.15a  shows  high-magnification  SEM  images  of  20  nm  thick  FCA  coat- 
ings before,  at,  and  after  Nt-.  In  the  SEM  images,  the  net-like  structure  is  the  gold 
film  coated  on  the  DLC  coating,  which  should  be  ignored  when  analyzing  the  inden- 
tation fatigue  damage.  Before  Nf,  no  delamination  or  buckling  was  found  except  for 
the  residual  indentation  mark  at  magnifications  of  up  to  1 ,200,000  x  using  SEM. 
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Fig.  17.15    (a)  High- 
magnification  SEM  images 
of  a  coating  before,  at,  and 
after  N{,  and  (b)  schematic  of 
various  stages  of  indentation 
fatigue  damage  for  a  coating/ 
substrate  system  [90] 
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This  suggests  that  only  plastic  deformation  occurred  before  N{.  At  Nf,  the  coating 
around  the  indenter  bulged  upwards,  indicating  delamination  and  buckling.  There- 
fore, it  is  believed  that  the  decrease  in  contact  stiffness  at  Nt  results  from  delamina- 
tion and  buckling  of  the  coating  from  the  substrate.  After  N{,  the  buckled  coating 
was  broken  down  around  the  edge  of  the  buckled  area,  forming  a  ring-like  crack.  The 
remaining  coating  overhung  at  the  edge  of  the  buckled  area.  It  is  noted  that  the 
indentation  size  increases  with  the  number  of  cycles.  This  indicates  that  deforma- 
tion, delamination  and  buckling  as  well  as  ring-like  crack  formation  occurred  over 
a  period  of  time. 

The  schematic  in  Fig.  17.15b  shows  various  stages  of  indentation  fatigue 
damage  for  a  coating/substrate  system.  Based  on  this  study,  three  stages  of  inden- 
tation fatigue  damage  appear  to  exist:  (1)  indentation-induced  compression;  (2) 
delamination  and  buckling;  (3)  ring-like  crack  formation  at  the  edge  of  the  buckled 
coating.  The  deposition  process  often  induces  residual  stresses  in  coatings.  The 
model  shown  in  Fig.  17.15b  considers  a  coating  with  uniform  biaxial  residual 
compression  err.  In  the  first  stage,  indentation  induces  elastic/plastic  deformation, 
exerting  a  pressure  (acting  outward)  on  the  coating  around  the  indenter.  Interfacial 
defects  like  voids  and  impurities  act  as  original  cracks.  These  cracks  propagate  and 
link  up  as  the  indentation  compressive  stress  increases.  At  this  stage,  the  coating, 
which  is  under  the  indenter  and  above  the  interfacial  crack  (with  a  crack  length 
of  2a),  still  maintains  a  solid  contact  with  the  substrate;  the  substrate  still  fully 
supports  the  coating.  Therefore,  this  interfacial  crack  does  not  lead  to  an  abrupt 
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decrease  in  contact  stiffness,  but  gives  rise  to  a  slight  decrease  in  contact  stiffness, 
as  shown  in  Fig.  17. 14.  The  coating  above  the  interfacial  crack  is  treated  as  a  rigidly 
clamped  disk.  We  assume  that  the  crack  radius  a  is  large  compared  with  the  coating 
thickness  t.  Since  the  coating  thickness  ranges  from  5  to  20  nm,  this  assumption  is 
easily  satisfied  in  this  study  (the  radius  of  the  delaminated  and  buckled  area,  shown 
in  Fig.  17.15a,  is  on  the  order  of  100  nm).  The  compressive  stress  caused  by 
indentation  is  given  as  [97] 

E  EV{ 

*  =  (T^j*  =  2*^(1 -v)'  (173) 

where  v  and  E  are  the  Poisson  ratio  and  elastic  modulus  of  the  coating,  V;  is 
the  indentation  volume,  t  is  the  coating  thickness,  and  a  is  the  crack  radius.  As 
the  number  of  cycles  increases,  so  does  the  indentation  volume  V\.  Therefore,  the 
indentation  compressive  stress  aY  increases  accordingly.  In  the  second  stage,  buck- 
ling occurs  during  the  unloading  segment  of  the  fatigue  testing  cycle  when  the  sum 
of  the  indentation  compressive  stress  (7;  and  the  residual  stress  err  exceed  the  critical 
buckling  stress  erb  for  the  delaminated  circular  section,  as  given  by  [98] 

u2E       ft\2 

ffb=i2(f^)G)'  (17-4) 

where  the  constant  ji  equals  42.67  for  a  circular  clamped  plate  with  a  constrained 
center  point  and  14.68  when  the  center  is  unconstrained.  The  buckled  coating  acts 
as  a  cantilever.  In  this  case,  the  indenter  indents  a  cantilever  rather  than  a  coating/ 
substrate  system.  This  ultrathin  coating  cantilever  has  much  less  contact  stiffness 
than  the  coating/substrate  system.  Therefore,  the  contact  stiffness  shows  an  abrupt 
decrease  at  N{.  In  the  third  stage,  with  more  cycles,  the  delaminated  and  buckled 
size  increases,  resulting  in  a  further  decrease  in  contact  stiffness  since  the  cantilever 
beam  length  increases.  On  the  other  hand,  a  high  bending  stress  acts  at  the  edge  of 
the  buckled  coating.  The  larger  the  buckled  size,  the  higher  the  bending  stress.  The 
cyclic  bending  stress  causes  fatigue  damage  at  the  end  of  the  buckled  coating, 
forming  a  ring-like  crack.  The  coating  under  the  indenter  is  separated  from  the  bulk 
coating  (caused  by  the  ring-like  crack  at  the  edge  of  the  buckled  coating)  and  the 
substrate  (caused  by  the  delamination  and  buckling  in  the  second  stage).  Therefore, 
the  coating  under  the  indenter  is  not  constrained;  it  is  free  to  move  with  the  indenter 
during  fatigue  testing.  At  this  point,  the  sharp  nature  of  the  indenter  is  lost,  because 
the  coating  under  the  indenter  gets  stuck  on  the  indenter.  The  indentation  fatigue 
experiment  results  in  the  contact  of  a  (relatively)  huge  blunt  tip  with  the  substrate. 
This  results  in  a  low  contact  stiffness  value. 

Compressive  residual  stresses  result  in  delamination  and  buckling.  A  coating 
with  a  higher  adhesion  strength  and  a  lower  compressive  residual  stress  is  required 
for  a  higher  fatigue  life.  Interfacial  defects  should  be  avoided  in  the  coating 
deposition  process.  We  know  that  ring-like  crack  formation  occurs  in  the  coating. 
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Formation  of  fatigue  cracks  in  the  coating  depends  upon  the  hardness  and  the 
fracture  toughness.  Cracks  are  more  difficult  to  form  and  propagate  in  the  coating 
with  higher  strength  and  fracture  toughness. 

It  is  now  accepted  that  long  fatigue  life  in  a  coating/substrate  almost  always 
involves  living  with  a  crack,  that  the  threshold  or  limit  condition  is  associated  with 
the  nonpropagation  of  existing  cracks  or  defects,  even  though  these  cracks  may  be 
undetectable  [96].  For  all  of  the  coatings  studied  at  4  uN,  the  contact  stiffness  does 
not  change  much.  This  indicates  that  delamination  and  buckling  did  not  occur 
within  the  number  of  cycles  tested  in  this  study.  This  is  probably  because  the 
indentation-induced  compressive  stress  was  not  high  enough  to  allow  the  cracks 
to  propagate  and  link  up  under  the  indenter,  or  the  sum  of  the  indentation  compres- 
sive stress  o";  and  the  residual  stress  err  did  not  exceed  the  critical  buckling  stress  <rb. 

Figure  17.10  and  Table  17.5  summarize  the  hardnesses,  elastic  moduli,  fracture 
toughnesses,  and  fatigue  lifetimes  of  all  of  the  coatings  studied.  A  good  correlation 
exists  between  the  fatigue  life  and  other  mechanical  properties.  Higher  mechanical 
properties  result  in  a  longer  fatigue  life.  The  mechanical  properties  of  DLC  coatings 
are  controlled  by  the  sp3-to-sp2  ratio.  An  sp3-bonded  carbon  exhibits  the  outstand- 
ing properties  of  diamond  [51].  Higher  kinetic  energy  during  deposition  will  result 
in  a  larger  fraction  of  sp  -bonded  carbon  in  an  amorphous  network.  Thus,  the  higher 
kinetic  energy  for  the  FCA  could  be  responsible  for  its  enhanced  carbon  structure 
and  mechanical  properties  [48-50,  99].  Higher  adhesion  strength  between  the  FCA 
coating  and  substrate  makes  the  FCA  coating  more  difficult  to  delaminate  from  the 
substrate. 


17.3.2    Microscratch  and  Microwear  Studies 

For  microscratch  studies,  a  conical  diamond  indenter  (that  has  a  tip  radius  of  about 
1  um  and  a  cone  angle  of  60°  for  example)  is  drawn  over  the  sample  surface,  and 
the  load  is  ramped  up  (typically  from  2  to  25  mN)  until  substantial  damage  occurs. 
The  coefficient  of  friction  is  monitored  during  scratching.  Scratch-induced  coating 
damage,  specifically  fracture  or  delamination,  can  be  monitored  by  in  situ  friction 
force  measurements  and  using  optical  and  SEM  imaging  of  the  scratches  after  tests. 
A  gradual  increase  in  friction  is  associated  with  plowing,  and  an  abrupt  increase  in 
friction  is  associated  with  fracture  or  catastrophic  failure  [100].  The  load 
corresponding  to  an  abrupt  increase  in  friction  or  an  increase  in  friction  above  a 
certain  value  (typically  2  x  the  initial  value)  provides  a  measure  of  the  scratch 
resistance  or  the  adhesive  strength  of  a  coating,  and  is  called  the  critical  load.  The 
depths  of  scratches  are  measured  with  increasing  scratch  length  or  normal  load 
using  an  AFM,  typically  with  an  area  of  10  x  10  um2  [48,  49,  101]. 

Microscratch  and  microwear  studies  are  also  conducted  using  an  AFM  [23,  50, 
99,  102,  103].  A  square  pyramidal  diamond  tip  (tip  radius  w  100  nm)  or  a  three- 
sided  pyramidal  diamond  (Berkovich)  tip  with  an  apex  angle  of  60°  and  a  tip 
radius  of  about  100  nm,  mounted  on  a  platinum-coated,  rectangular  stainless  steel 
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cantilever  of  stiffness  of  about  40  N/m,  is  scanned  orthogonal  to  the  long  axis  of  the 
cantilever  to  generate  scratch  and  wear  marks.  During  the  scratch  test,  the  normal 
load  is  either  kept  constant  or  is  increased  (typically  from  0  to  100  u,N)  until 
damage  occurs.  Topographical  images  of  the  scratch  are  obtained  in  situ  with  the 
AFM  at  a  low  load.  By  scanning  the  sample  during  scratching,  wear  experiments 
can  be  conducted.  Wear  is  monitored  as  a  function  of  the  number  of  cycles  at  a 
constant  load.  Normal  loads  (10-80  uN)  are  typically  used. 


Microscratch 

Scratch  tests  conducted  with  a  sharp  diamond  tip  simulate  a  sharp  asperity  contact. 
In  a  scratch  test,  the  cracking  or  delamination  of  a  hard  coating  is  signaled  by  a 
sudden  increase  in  the  coefficient  of  friction  [23].  The  load  associated  with  this 
event  is  called  the  critical  load. 

Wu  [104],  Bhushan  et  al.  [70],  Gupta  and  Bhushan  [12,47],  and  Li  and  Bhushan 
[48,  49,  101]  have  used  a  nanoindenter  to  perform  microscratch  (mechanical  dura- 
bility) studies  of  various  carbon  coatings.  The  coefficient  of  friction  profiles  as 
a  function  of  increasing  normal  load  as  well  as  AFM  surface  height  maps  of  regions 
over  scratches  at  the  respective  critical  loads  (indicated  by  the  arrows  in  the  friction 
profiles  and  AFM  images)  observed  for  coatings  with  different  thicknesses  and 
single-crystal  silicon  substrate  using  a  conical  tip  are  compared  in  Figs.  17.16  and 
17.17.  Bhushan  and  Koinkar  [102],  Koinkar  and  Bhushan  [103],  Bhushan  [23], 
and  Sundararajan  and  Bhushan  [50,  99]  used  an  AFM  to  perform  microscratch 
studies.  Data  obtained  for  coatings  with  different  thicknesses  and  silicon  substrate 
using  a  Berkovich  tip  are  compared  in  Figs.  17.18  and  17.19.  Critical  loads  for 
various  coatings  tested  using  a  nanoindenter  and  AFM  are  summarized  in 
Fig.  17.20.  Selected  data  for  20  nm  thick  coatings  obtained  using  nanoindenter 
are  also  presented  in  Fig.  17.10  and  Table  17.5. 

It  is  clear  that  a  well-defined  critical  load  exists  for  each  coating.  The  AFM 
images  clearly  show  that  below  the  critical  loads  the  coatings  were  plowed  by  the 
scratch  tip,  associated  with  the  plastic  flow  of  materials.  At  and  after  the  critical 
loads,  debris  (chips)  or  buckling  was  observed  on  the  sides  of  the  scratches. 
Delamination  or  buckling  can  be  observed  around  or  after  the  critical  loads, 
which  suggests  that  the  damage  starts  from  delamination  and  buckling.  For  the 
3.5  and  5  nm  thick  FCA  coatings,  before  the  critical  loads  small  debris  is  observed 
on  the  sides  of  the  scratches.  This  suggests  that  the  thinner  FCA  coatings  are  not  so 
durable.  It  is  obvious  that,  for  a  given  deposition  method,  the  critical  loads  increase 
with  increasing  coating  thickness.  This  indicates  that  the  critical  load  is  determined 
not  only  by  the  strength  of  adhesion  to  the  substrate,  but  also  by  the  coating 
thickness.  We  note  that  more  debris  generated  on  the  thicker  coatings  than  thinner 
coatings.  A  thicker  coating  is  more  difficult  to  break;  the  broken  coating  chips 
(debris)  seen  for  a  thicker  coating  are  larger  than  those  for  the  thinner  coatings.  The 
different  residual  stresses  of  coatings  of  different  thicknesses  may  also  affect  the 
size  of  the  debris.  The  AFM  image  shows  that  the  silicon  substrate  was  damaged  by 


17     Nanotribology  of  Ultrathin  and  Hard  Amorphous  Carbon  Films 


381 


plowing,  associated  with  the  plastic  flow  of  material.  At  and  after  the  critical  load,  a 
small  amount  of  uniform  debris  is  observed  and  the  amount  of  debris  increases  with 
increasing  normal  load. 

Since  the  damage  mechanism  at  the  critical  load  appears  to  be  the  onset  of 
plowing,  harder  coatings  with  more  fracture  toughness  will  therefore  require  a 
higher  load  for  deformation  and  hence  a  higher  critical  load.  Figure  17.21  gives 
critical  loads  of  various  coatings,  obtained  with  AFM  tests,  as  a  function  of  the 
coating  hardness  and  fracture  toughness  (from  Table  17.5).  It  can  be  seen  that,  in 
general,  increasing  coating  hardness  and  fracture  toughness  results  in  a  higher 
critical  load.  The  only  exceptions  are  the  FCA  coatings  at  5  and  3.5  nm  thickness, 
which  show  the  lowest  critical  loads  despite  their  high  hardness  and  fracture 
toughness.  The  brittleness  of  the  thinner  FCA  coatings  may  be  one  reason  for 
their  low  critical  loads.  The  mechanical  properties  of  coatings  that  are  less  than 
10  nm  thick  are  not  known.  The  FCA  process  may  result  in  coatings  with  low 
hardness  at  low  thickness  due  to  differences  in  coating  stoichiometry  and  structure 
compared  to  coatings  of  higher  thickness.  Also,  at  these  thicknesses  stresses  at  the 
coating-substrate  interface  may  affect  coating  adhesion  and  load-carrying  capacity. 

Based  on  the  experimental  results,  a  schematic  of  the  scratch  damage  mechan- 
isms encountered  for  the  DLC  coatings  used  in  this  study  is  shown  in  Fig.  17.22. 
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Fig.  17.16  Coefficient  of  friction  profiles  as  a  function  of  normal  load,  as  well  as  corresponding 
AFM  surface  height  maps  of  regions  over  scratches  at  the  respective  critical  loads  (indicated  by  the 
arrows  in  the  friction  profiles  and  AFM  images),  for  coatings  of  different  thicknesses  deposited  by 
various  deposition  techniques:  (a)  FCA,  (b)  IB,  (c)  ECR-CVD,   (d)  SP 
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Fig.  17.17  Coefficient  of  friction  profiles  as  a  function  of  normal  load  as  well  as  corresponding 
AFM  surface  height  maps  of  regions  over  scratches  at  the  respective  critical  loads  (indicated  by  the 
arrows  in  the  friction  profiles  and  AFM  images)  for  Si(100) 


Below  the  critical  load,  if  a  coating  has  a  good  combination  of  strength  and  fracture 
toughness,  plowing  associated  with  the  plastic  flow  of  materials  is  responsible  for 
the  coating  damage  (Fig.  17.22a).  However,  if  the  coating  has  a  low  fracture 
toughness,  cracking  could  occur  during  plowing,  resulting  in  the  formation  of 
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small  amounts  of  debris  (Fig.  17.22b).  When  the  normal  load  is  increased  to  the 
critical  load,  delamination  or  buckling  will  occur  at  the  coating-substrate  interface 
(Fig.  17.22c).  A  further  increase  in  normal  load  will  result  in  coating  breakdown  via 
through-coating  thickness  cracking,  as  shown  in  Fig.  17.22d.  Therefore,  adhesion 
strength  plays  a  crucial  role  in  the  determination  of  critical  load.  If  a  coating 
adheres  strongly  to  the  substrate,  the  coating  is  more  difficult  to  delaminate, 
which  will  result  in  a  higher  critical  load.  The  interfacial  and  residual  stresses  of 
a  coating  may  also  greatly  affect  the  delamination  and  buckling  [1].  A  coating  with 
higher  interfacial  and  residual  stresses  is  more  easily  delaminated  and  buckled, 
which  will  result  in  a  low  critical  load.  It  was  reported  earlier  that  FCA  coatings 
have  higher  residual  stresses  than  other  coatings  [47].  Interfacial  stresses  play  an 
increasingly  important  role  as  the  coating  gets  thinner.  A  large  mismatch  in  elastic 
modulus  between  the  FCA  coating  and  the  silicon  substrate  may  cause  large 
interfacial  stresses.  This  may  be  why  thinner  FCA  coatings  show  lower  critical 
loads  than  thicker  FCA  coatings,  even  though  the  FCA  coatings  have  higher 
hardness  and  elastic  moduli.  The  brittleness  of  thinner  FCA  coatings  may  be 
another  reason  for  the  lower  critical  loads.  The  strength  and  fracture  toughness  of 
a  coating  also  affect  the  critical  load.  Greater  strength  and  fracture  toughness  will 
make  the  coating  more  difficult  to  break  after  delamination  and  buckling.  The  high 
scratch  resistance/adhesion  of  FCA  coatings  is  attributed  to  the  atomic  intermixing 
that  occurs  at  the  coating-substrate  interface  due  to  the  high  kinetic  energy  (2  keV) 
of  the  plasma  formed  during  the  cathodic  arc  deposition  process  [57].  This  atomic 
intermixing  provides  a  graded  compositional  transition  between  the  coating  and  the 
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Fig.  17.18    Coefficient  of  friction  profiles  during  scratch  as  a  function  of  normal  load  and 
corresponding  AFM  surface  height  maps  for  (a)  FCA,  (b)  ECR-CVD,  and  (c)  SP  coatings  [99] 


substrate  material.  In  all  other  coatings  used  in  this  study,  the  kinetic  energy  of  the 
plasma  is  insufficient  for  atomic  intermixing. 

Gupta  and  Bhushan  [12,  47]  and  Li  and  Bhushan  [48,  49]  measured  the  scratch 
resistances  of  DLC  coatings  deposited  on  Al203-TiC,  Ni-Zn  ferrite  and  single-crystal 


17     Nanotribology  of  Ultrathin  and  Hard  Amorphous  Carbon  Films 


385 


Fig.  17.19    Coefficient  of 
friction  profiles  during 
scratch  as  a  function  of 
normal  load  and 
corresponding  AFM  surface 
height  maps  for  Si(100)  [99] 
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Fig.  17.20    Critical  loads 
estimated  from  the  coefficient 
of  friction  profiles  from  (a) 
nanoindenter  and  (b)  AFM 
tests  for  various  coatings  of 
different  thicknesses  and 
Si(100)   substrate 
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silicon  substrates.  An  interlayer  of  silicon  is  required  to  adhere  the  DLC  coating  to 
other  substrates,  except  in  the  case  of  cathodic  arc-deposited  coatings.  The  best 
adhesion  with  cathodic  arc  carbon  coating  is  obtained  on  electrically  conducting 
substrates  such  as  Al203-TiC  and  silicon  rather  than  Ni-Zn  ferrite. 
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Fig.  17.21    Measured  critical 
loads  estimated  from  the 
coefficient  of  friction  profiles 
from  AFM  tests  as  a  function 
of  (a)  coating  hardness  and 
(b)  fracture  toughness. 
Coating  hardness  and  fracture 
toughness  values  were 
obtained  using  a  nanoindenter 
on  100  nm  thick  coatings 
(Table  17.5) 
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Microwear 


Microwear  studies  can  be  conducted  using  an  AFM  [23].  For  microwear  studies, 
a  three-sided  pyramidal  single-crystal  natural  diamond  tip  with  an  apex  angle  of 
about  80°  and  a  tip  radius  of  about  100  nm  is  used  at  relatively  high  loads  of 
1-150  uN.  The  diamond  tip  is  mounted  on  a  stainless  steel  cantilever  beam  with 
a  normal  stiffness  of  about  30  N/m.  The  sample  is  generally  scanned  in  a  direction 
orthogonal  to  the  long  axis  of  the  cantilever  beam  (typically  at  a  rate  of  0.5  Hz).  The 
tip  is  mounted  on  the  beam  such  that  one  of  its  edges  is  orthogonal  to  the  beam  axis. 
In  wear  studies,  an  area  of  2x2  urn  is  typically  scanned  for  a  selected  number  of 
cycles. 

Microwear  studies  of  various  types  of  DLC  coatings  have  been  conducted  [50, 
102,  103].  Figure  17.23a  shows  a  wear  mark  on  uncoated  Si(100).  Wear  occurs 
uniformly  and  material  is  removed  layer-by-layer  via  plowing  from  the  first  cycle, 
resulting  in  constant  friction  force  during  the  wear  (Fig.  17.24a).  Figure  17.23b 
shows  AFM  images  of  the  wear  marks  on  10  nm  thick  coatings.  It  is  clear  that  the 
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Fig.  17.22    Schematic  of 
scratch  damage  mechanisms 
for  DLC  coatings: 
(a)  plowing  associated 
with  the  plastic  flow  of 
materials,  (b)  plowing 
associated  with  the 
formation  of  small  debris, 

(c)  delamination  and  buckling 
at  the  critical  load,  and 

(d)  breakdown  via  through- 
coating  thickness  cracking  at 
and  after  the  critical  load  [48] 
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coatings  wear  nonuniformly.  Coating  failure  is  sudden  and  accompanied  by  a 
sudden  rise  in  the  friction  force  (Fig.  17.24b).  Figure  17.24  shows  the  wear  depth 
of  Si(100)  substrate  and  various  DLC  coatings  at  two  different  loads.  FCA-  and 
ECR-CVD-deposited  20  nm  thick  coatings  show  excellent  wear  resistance  up  to 
80  u.N,  the  load  that  is  required  for  the  IB  20  nm  coating  to  fail.  In  these  tests, 
failure  of  a  coating  occurs  when  the  wear  depth  exceeds  the  quoted  coating 
thickness.  The  SP  20  nm  coating  fails  at  a  much  lower  load  of  35  u,N.  At  60  uN, 
the  coating  hardly  provides  any  protection.  Moving  on  to  the  10  nm  coatings,  the 
ECR-CVD  coating  requires  about  45  cycles  at  60  uN  to  fail,  whereas  the  IB  and 
FCA,  coatings  fail  at  45  (J.N.  The  FCA  coating  exhibits  slight  roughening  in  the 
wear  track  after  the  first  few  cycles,  which  leads  to  an  increase  in  the  friction  force. 
The  SP  coating  continues  to  exhibit  poor  resistance,  failing  at  20  uN.  For  the  5  nm 
coatings,  the  load  required  to  make  the  coatings  fail  continues  to  decrease,  but  IB 
and  ECR-CVD  still  provide  adequate  protection  compared  to  bare  Si(100)  in  that 
order,  with  the  silicon  failing  at  35  uN,  the  FCA  coating  at  25  u.N  and  the  SP 
coating  at  20  uN.  Almost  all  of  the  20,  10,  and  5  nm  coatings  provide  better  wear 


388 


B.  Bhushan 


asuioo) 


16  cycles  I    / 
« d=22nm   /  • 

0    i    ; — i — •J'o 


2    i — ^0 


Fig.  17.23  AFM  images  of  wear  marks  on  (a)  bare  Si(100),  and  (b)  various  10  nm  thick  DLC 
coatings  [50] 

resistance  than  bare  silicon.  At  3.5  nm,  FCA  coating  provides  no  wear  resistance, 
failing  almost  instantly  at  20  uN.  The  IB  and  ECR-CVD  coatings  show  good  wear 
resistance  at  20  uN  compared  to  bare  Si(100).  However,  IB  only  lasts  about  ten 
cycles  and  ECR-CVD  about  three  cycles  at  25  u.N. 

The  wear  tests  highlight  the  differences  between  the  coatings  more  vividly  than 
the  scratch  tests.  At  higher  thicknesses  (10  and  20  nm),  the  ECR-CVD  and  FCA 
coatings  appear  to  show  the  best  wear  resistance.  This  is  probably  due  to  the  greater 
hardness  of  the  coatings  (Table  17.5).  At  5  nm,  the  IB  coating  appears  to  be  the 
best.  FCA  coatings  show  poorer  wear  resistance  with  decreasing  coating  thickness. 
This  suggests  that  the  trends  in  hardness  seen  in  Table  17.5  no  longer  hold  at  low 
thicknesses.  SP  coatings  show  consistently  poor  wear  resistance  at  all  thicknesses. 
The  3.5  nm  IB  coating  does  provide  reasonable  wear  protection  at  low  loads. 


17.3.3    Macroscale  Tribological  Characterization 


So  far,  we  have  presented  data  on  mechanical  characterization  and  microscratch 
and  microwear  studies  using  a  nanoindenter  and  an  AFM.  Mechanical  properties 
affect  the  tribological  performance  of  a  coating,  and  microwear  studies  simulate  a 
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Fig.  17.24  Wear  data  for  (a)  bare  Si(100)  and  (b)  various  DLC  coatings.  Coating  thickness  is 
constant  along  each  row  in  (b).  Both  the  wear  depth  and  the  coefficient  of  friction  during  wear  are 
plotted  for  a  given  cycle  [50] 


single  asperity  contact,  which  helps  us  to  understand  the  wear  process.  These 
studies  are  useful  when  screening  various  candidate  coatings,  and  also  aid  our 
understanding  of  the  relationships  between  deposition  conditions  and  properties 
of  the  samples.  In  the  next  step,  macroscale  friction  and  wear  tests  need  to  be 
conducted  to  measure  the  tribological  performance  of  the  coating. 

Macroscale  accelerated  friction  and  wear  tests  have  been  conducted  to  screen 
a  large  number  of  candidates,  as  have  functional  tests  on  selected  candidates.  An 
accelerated  test  is  designed  to  accelerate  the  wear  process  such  that  it  does  not 
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change  the  failure  mechanism.  The  accelerated  friction  and  wear  tests  are  generally 
conducted  using  a  ball-on-flat  tribometer  under  reciprocating  motion  [70].  Typi- 
cally, a  diamond  tip  with  a  tip  radius  of  20  um  or  a  sapphire  ball  with  a  diameter  of 
3  mm  and  a  surface  finish  of  about  2  nm  RMS  is  slid  against  the  coated  substrates  at 
selected  loads.  The  coefficient  of  friction  is  monitored  during  the  tests. 

Functional  tests  are  conducted  using  an  actual  machine  running  at  close  to  the 
actual  operating  conditions  for  which  the  coatings  have  been  developed.  The  tests 
are  generally  accelerated  somewhat  to  fail  the  interface  in  a  short  time. 


Accelerated  Friction  and  Wear  Tests 

Li  and  Bhushan  [48]  conducted  accelerated  friction  and  wear  tests  on  DLC  coatings 
deposited  by  various  deposition  techniques  using  a  ball-on-flat  tribometer.  The 
average  coefficient  of  friction  values  observed  are  presented  in  Table  17.5.  Optical 
micrographs  of  wear  tracks  and  debris  formed  on  all  samples  when  slid  against 
a  sapphire  ball  after  a  sliding  distance  of  5  nm  are  presented  in  Fig.  17.25.  The 
normal  load  used  for  the  20  and  10  nm  thick  coatings  was  200  mN,  and  the  normal 
load  used  for  the  5  and  3.5  nm  thick  coatings  and  the  silicon  substrate  was  150  mN. 
Among  the  20  nm  thick  coatings,  the  SP  coating  exhibits  a  higher  coefficient  of 
friction  (about  0.3)  than  for  the  other  coatings  coefficient  of  friction  (all  of  which 
were  about  0.2).  The  optical  micrographs  show  that  the  SP  coating  has  a  larger  wear 
track  and  more  debris  than  the  IB  coating.  No  wear  track  or  debris  were  found  on 
the  20  nm  thick  FCA  and  ECR-CVD  coatings.  The  optical  micrographs  of  10  nm 
thick  coatings  show  that  the  SP  coating  was  severely  damaged,  showing  a  large 
wear  track  with  scratches  and  lots  of  debris.  The  FCA  and  ECR-CVD  coatings  show 
smaller  wear  tracks  and  less  debris  than  the  IB  coatings. 


FCA 

n 

5  nm,  200  mN 

3.5  nm,  200  mN 

-, — ■-- 

Fig.  17.25  Optical  micrographs  of  wear  tracks  and  debris  formed  on  various  coatings  of  different 
thicknesses  and  silicon  substrate  when  slid  against  a  sapphire  ball  after  a  sliding  distance  of  5  nm. 
The  end  of  the  wear  track  is  on  the  right-hand  side  of  the  image 
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Fig.  17.26    Bar  chart  of  the 
wear  damage  indices  for 
various  coatings  of  different 
thicknesses  and  Si(100) 
substrate  based  on  optical 
examination  of  the  wear 
tracks  and  debris 
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For  the  5  nm  thick  coatings,  the  wear  tracks  and  debris  of  the  IB  and  ECR-CVD 
coatings  are  comparable.  The  bad  wear  resistance  of  the  5  nm  thick  FCA  coating  is 
in  good  agreement  with  the  low  critical  scratch  load,  which  may  be  due  to  the 
higher  interfacial  and  residual  stresses  as  well  as  the  brittleness  of  the  coating. 

At  3.5  nm,  all  of  the  coatings  exhibit  wear.  The  FCA  coating  provides  no  wear 
resistance,  failing  instantly  like  the  silicon  substrate.  Large  block-like  debris  is 
observed  on  the  sides  of  the  wear  track  of  the  FCA  coating.  This  indicates  that  large 
region  delamination  and  buckling  occurs  during  sliding,  resulting  in  large  block- 
like debris.  This  block-like  debris,  in  turn,  scratches  the  coating,  making  the 
damage  to  the  coating  even  more  severe.  The  IB  and  ECR-CVD  coatings  are  able 
to  provide  some  protection  against  wear  at  3.5  nm. 

In  order  to  better  evaluate  the  wear  resistance  of  various  coatings,  based  on  an 
optical  examination  of  the  wear  tracks  and  debris  after  tests,  a  bar  chart  of  the  wear 
damage  index  for  various  coatings  of  different  thicknesses  and  an  uncoated  silicon 
substrate  is  presented  in  Fig.  17.26.  Among  the  20  and  10  nm  thick  coatings,  the  SP 
coatings  show  the  worst  damage,  followed  by  FCA/ECR-CVD.  At  5  nm,  the  FCA 
and  SP  coatings  show  the  worst  damage,  followed  by  the  IB  and  ECR-CVD 
coatings.  All  of  the  3.5  nm  thick  coatings  show  the  same  heavy  damage  as  the 
uncoated  silicon  substrate. 

The  wear  damage  mechanisms  of  the  thick  and  thin  DLC  coatings  studied  are 
believed  to  be  as  illustrated  in  Fig.  17.27.  In  the  early  stages  of  sliding,  deformation 
zone,  Hertzian  and  wear  fatigue  cracks  that  have  formed  beneath  the  surface  extend 
within  the  coating  upon  subsequent  sliding  [1].  Formation  of  fatigue  cracks  depends 
on  the  hardness  and  subsequent  cycles.  These  are  controlled  by  the  sjr  -to-sp  ratio. 
For  thicker  coatings,  the  cracks  generally  do  not  penetrate  the  coating.  For  a  thinner 
coating,  the  cracks  easily  propagate  down  to  the  interface  aided  by  the  interfacial 
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Fig.  17.27    Schematic  of  wear  damage  mechanisms  for  thick  and  thin  DLC  coatings  [48] 

stresses  and  get  diverted  along  the  interface  just  enough  to  cause  local  delamination 
of  the  coating.  When  this  happens,  the  coating  experiences  excessive  plowing.  At 
this  point,  the  coating  fails  catastrophically,  resulting  in  a  sudden  rise  in  the 
coefficient  of  friction.  All  3.5  nm  thick  coatings  failed  much  quicker  than  the 
thicker  coatings.  It  appears  that  these  thin  coatings  have  very  low  load-carrying 
capacities  and  so  the  substrate  undergoes  deformation  almost  immediately.  This 
generates  stresses  at  the  interface  that  weaken  the  coating  adhesion  and  lead  to 
delamination  of  the  coating.  Another  reason  may  be  that  the  thickness  is  insufficient 
to  produce  a  coating  that  has  the  DLC  structure.  Instead,  the  bulk  may  be  made  up 
of  a  matrix  characteristic  of  the  interface  region  where  atomic  mixing  occurs  with 
the  substrate  and/or  any  interlayer  used.  This  would  also  result  in  poor  wear 
resistance  and  silicon-like  behavior  of  the  coating,  especially  for  FCA  coatings, 
which  show  the  worst  performance  at  3.5  nm.  SP  coatings  show  the  worst  wear 
performance  at  any  thickness  (Fig.  17.25).  This  may  be  due  to  their  poor  mechani- 
cal properties,  such  as  lower  hardness  and  scratch  resistance,  compared  to  the  other 
coatings. 

Comparison  of  Figs.  17.20  and  17.26  shows  a  very  good  correlation  between  the 
wear  damage  and  critical  scratch  loads.  Less  wear  damage  corresponds  to  a  higher 
critical  scratch  load.  Based  on  the  data,  thicker  coatings  do  show  better  scratch  and 
wear  resistance  than  thinner  coatings.  This  is  probably  due  to  the  better  load- 
carrying  capacities  of  the  thick  coatings  compared  to  the  thinner  ones.  For  a 
given  coating  thickness,  increased  hardness  and  fracture  toughness  and  better 
adhesion  strength  are  believed  to  be  responsible  for  the  superior  wear  performance. 


Effect  of  Environment 


The  friction  and  wear  performance  of  an  amorphous  carbon  coating  is  known  to  be 
strongly  dependent  on  the  water  vapor  content  and  partial  gas  pressure  in  the  test 
environment.  The  friction  data  for  an  amorphous  carbon  film  on  a  silicon  substrate 
sliding  against  steel  are  presented  as  a  function  of  the  partial  pressure  of  water  vapor 
in  Fig.  17.28  [1,  13,  69,  105,  106].  Friction  increases  dramatically  above  a  relative 
humidity  of  about  40%.  At  high  relative  humidity,  condensed  water  vapor  forms 
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Fig.  17.28    Coefficient  of 
friction  as  a  function  of 
relative  humidity  and  water 
vapor  partial  pressure  for  a 
RF-plasma  deposited 
amorphous  carbon  coating 
and  a  bulk  graphitic  carbon 
coating  sliding  against  a  steel 
ball 
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meniscus  bridges  at  the  contacting  asperities,  and  the  menisci  result  in  an  intrinsic 
attractive  force  that  is  responsible  for  an  increase  in  the  friction.  For  completeness, 
data  on  the  coefficient  of  friction  of  bulk  graphitic  carbon  are  also  presented  in 
Fig.  17.28.  Note  that  the  friction  decreases  with  increased  relative  humidity  [107]. 
Graphitic  carbon  has  a  layered  crystal  lattice  structure.  Graphite  absorbs  polar  gases 
(such  as  H20,  O2,  CO2,  NH3)  at  the  edges  of  the  crystallites,  which  weakens  the 
interlayer  bonding  forces  facilitating  interlayer  slip  and  results  in  lower  friction  [1]. 
A  number  of  tests  have  been  conducted  in  controlled  environments  in  order  to 
better  study  the  effects  of  environmental  factors  on  carbon-coated  magnetic  disks. 
Marchon  et  al.  [108]  conducted  tests  in  alternating  environments  of  oxygen  and 
nitrogen  gases  (Fig.  17.29).  The  coefficient  of  friction  increases  as  soon  as  oxygen 
is  added  to  the  test  environment,  whereas  in  a  nitrogen  environment  the  coefficient 
of  friction  reduces  slightly.  Tribochemical  oxidation  of  the  DLC  coating  in  the 
oxidizing  environment  is  responsible  for  an  increase  in  the  coefficient  of  friction, 
implying  wear.  Dugger  et  al.  [109],  Strom  et  al.  [110],  Bhushan  and  Ruan  [111]  and 
Bhushan  et  al.  [71]  conducted  tests  with  DLC-coated  magnetic  disks  (with  about 
2  nm  thick  perfluoropolyether  lubricant  film)  in  contact  with  Al203-TiC  sliders 
in  different  gaseous  environments,  including  a  high  vacuum  of  2xlO_7Torr 
(Fig.  17.30).  The  wear  lives  are  the  shortest  in  high  vacuum  and  the  longest  in 
atmospheres  of  mostly  nitrogen  and  argon  with  the  following  order  (from  best  to 
worst):  argon  or  nitrogen,  Ar  +  H20,  ambient,  Ar  +  02,  Ar  +  H20,  vacuum.  From 
this  sequence  of  wear  performance,  we  can  see  that  having  oxygen  and  water  in  an 
operating  environment  worsens  the  wear  performance  of  the  coating,  but  having  a 
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Fig.  17.29    Coefficient  of 
friction  as  a  function  of 
sliding  distance  for  a  ceramic 
slider  against  a  magnetic  disk 
coated  with  a  20  nm  thick  DC 
magnetron  sputtered  DLC 
coating,  measured  at  a  speed 
of  0.06  m/s  for  a  load  of  10  g. 
The  environment  was 
alternated  between  oxygen 
and  nitrogen  gases  [108] 
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Fig.  17.30    Durability, 
measured  by  sliding  a  A1203- 
TiC  magnetic  slider  against 
a  magnetic  disk  coated 
with  a  20  nm  thick  DC 
sputtered  amorphous  carbon 
coating  and  2  nm  thick 
perfluoropolyether  film, 
measured  at  a  speed  of 
0.75  m/s  and  for  a  load  of 
10  g.  Vacuum  refers  to 
2xlO~7Torr  [71] 
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vacuum  is  even  worse.  Indeed,  failure  mechanisms  differ  in  different  environments. 
In  high  vacuum,  intimate  contact  between  the  disk  and  the  slider  surface  results  in 
significant  wear.  In  ambient  air,  Ar  +  O2  and  Ar  +  H20,  tribochemical  oxidation 
of  the  carbon  overcoat  is  responsible  for  interface  failure.  For  experiments  per- 
formed in  pure  argon  and  nitrogen,  mechanical  shearing  of  the  asperities  causes  the 
formation  of  debris,  which  is  responsible  for  the  formation  of  scratch  marks  on  the 
carbon  surface,  which  were  observed  with  an  optical  microscope  [71]. 


Functional  Tests 


Magnetic  thin  film  heads  made  with  Al203-TiC  substrate  are  used  in  magnetic 
storage  applications  [13].  A  multilayered  thin  film  pole-tip  structure  present  on  the 
head  surface  wears  more  rapidly  than  the  much  harder  A^Og-TiC  substrate.  Pole- 
tip  recession  (PTR)  is  a  serious  concern  in  magnetic  storage  [15-19,  112].  Two  of 
the  diamond-like  carbon  coatings  with  superior  mechanical  properties  -  ion  beam 
and  cathodic  arc  carbon  coatings  -  were  deposited  on  the  air-bearing  surfaces  of 
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Fig.  17.31  Pole-tip  recession  as  a  function  of  sliding  distance,  measured  with  an  AFM,  for 
(a)  uncoated  and  20  nm  thick  ion  beam  carbon  coated,  and  (b)  uncoated  and  20  nm  thick  cathodic 
arc  carbon  coated  A^Oj-TiC  heads  run  against  MP  tapes  [15] 

AI2O3-T1C  head  sliders  [15].  Functional  tests  were  conducted  by  running  a  metal 
particle  (MP)  tape  in  a  computer  tape  drive.  The  average  PTR  as  a  function  of 
sliding  distance  is  presented  in  Fig.  17.31.  We  note  that  the  PTR  increases  for  the 
uncoated  head,  whereas  there  is  a  slight  increase  in  PTR  for  the  coated  heads  during 
early  sliding  followed  by  little  change.  Thus,  the  coatings  provide  protection. 

The  micromechanical  as  well  as  the  accelerated  and  functional  tribological 
data  presented  here  clearly  suggest  that  there  is  a  good  correlation  between 
the  scratch  resistance  and  wear  resistance  measured  using  accelerated  tests  and 
functional  tests.  Thus,  scratch  tests  can  be  successfully  used  to  screen  coatings 
for  wear  applications. 


17.3.4    Coating  Continuity  Analysis 


Ultrathin  (less  than  10  nm)  coatings  may  not  uniformly  coat  the  sample  surface.  In 
other  words,  the  coating  may  be  discontinuous  and  deposited  in  the  form  of  islands 
on  the  microscale.  Therefore,  one  possible  reason  for  poor  wear  protection  and 
the  nonuniform  failure  of  thin  coatings  may  be  poor  coverage  of  the  substrate. 
Coating  continuity  can  be  studied  using  surface  analytical  techniques  such  as  Auger 
and/or  XPS  analyses.  Any  discontinuity  in  coating  thickness  that  is  less  than 
the  sampling  depth  of  the  instrument  result  in  the  local  detection  of  the  substrate 
species  [49,  50,  102]. 

The  results  from  an  XPS  analysis  of  1 .3  mm  regions  (single  point  measurement 
with  spot  diameter  of  1,300  urn)  on  various  coatings  deposited  on  Si(100)  sub- 
strates are  shown  in  Fig.  17.32.  The  sampling  depth  is  about  2-3  nm.  The  poor  SP 
coatings  and  the  poor  5  nm  and  3.5  nm  FCA  coatings  ()  show  much  lower  carbon 
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Fig.  17.32  Quantified  XPS  data  for  various  DLC  coatings  on  Si(100)  substrate  [50].  Atomic 
concentrations  are  shown 

contents  (atomic  concentrations  of  <75%  and  <60%  respectively)  than  the  IB  and 
ECR-CVD  coatings.  Silicon  is  detected  in  all  of  the  5  nm  coatings.  From  the  data  it 
is  hard  to  infer  whether  the  Si  is  from  the  substrate  or  from  exposed  regions  due  to 
discontinuous  coating.  Based  on  the  sampling  depth,  any  Si  detected  in  3.5  nm 
coatings  would  likely  be  from  the  substrate.  The  other  interesting  observation  is  that 
all  poor  coatings  (all  SP  and  FCA  5  and  3.5  nm  coatings)  have  almost  twice  the 
oxygen  content  of  the  other  coatings.  Any  oxygen  present  may  be  due  to  leaks  in  the 
deposition  chamber,  and  it  is  present  as  silicon  oxides. 

AES  measurements  averaged  over  a  scan  area  of  900  um2  were  conducted  on 
FCA  and  SP  5  nm  coatings  at  six  different  regions  on  each  sample.  Very  little 
silicon  was  detected  on  this  scale,  and  the  detected  peaks  were  characteristic  of 
oxides.  The  oxygen  levels  were  comparable  to  those  seen  for  good  coatings  via 
XPS.  These  results  contrast  with  the  XPS  measurements  performed  at  a  larger  scale, 
suggesting  that  the  coatings  only  possess  discontinuities  at  isolated  areas  and  that 
the  5  nm  coatings  are  generally  continuous  on  the  microscale.  Figure  17.33  shows 
representative  XPS  and  AES  spectra  of  selected  samples. 


17.4     Closure 


Diamond  material  and  its  smooth  coatings  are  used  for  very  low  wear  and  relatively 
low  friction.  Major  limitations  of  the  true  diamond  coatings  are  that  they  need  to  be 
deposited  at  high  temperatures,  can  only  be  deposited  on  selected  substrates,  and 
require  surface  finishing.  Hard  amorphous  carbon  (a-C)  or  commonly  known  as 
DLC  coatings  exhibit  mechanical,  thermal  and  optical  properties  close  to  that  of 
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Fig.  17.33  (a)  XPS  spectra  for  5  nm  and  20  nm  thick  FCA  and  SP  coatings  on  Si(100)  substrate, 
and  (b)  AES  spectra  for  FCA  and  SP  coatings  of  5  nm  thickness  on  Si(100)  substrate  [50] 

diamond.  These  can  be  deposited  with  a  large  range  of  thicknesses  by  using 
a  variety  of  deposition  processes,  on  variety  of  substrates  at  or  near  room  tempera- 
ture. The  coatings  reproduce  substrate  topography  avoiding  the  need  of  post 
finishing.  Friction  and  wear  properties  of  some  DLC  coatings  can  be  very  attractive 
for  tribological  applications.  The  largest  industrial  application  of  these  coatings  is 
in  magnetic  storage  devices.  They  are  expected  to  be  used  in  MEMS/NEMS. 

EELS  and  Raman  spectroscopies  can  be  successfully  used  for  chemical  charac- 
terization of  amorphous  carbon  coatings.  The  prevailing  atomic  arrangement  in  the 
DLC  coatings  is  amorphous  or  quasi-amorphous  with  small  diamond  (sp  ),  graphite 
(sp  )  and  other  unidentifiable  micro-  or  nanocrystallites.  Most  DLC  coatings  except 
those  produced  by  filtered  cathodic  arc  contain  from  a  few  to  about  50  at.%  hydro- 
gen. Sometimes  hydrogen  is  deliberately  incorporated  in  the  sputtered  and  ion 
plated  coatings  to  tailor  their  properties. 

Amorphous  carbon  coatings  deposited  by  various  techniques  exhibit  different 
mechanical  and  tribological  properties.  The  nanoindenter  can  be  successfully  used 
for  measurement  of  hardness,  elastic  modulus,  fracture  toughness,  and  fatigue 
life.  Microscratch  and  microwear  experiments  can  be  performed  using  either 
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a  nanoindenter  or  an  AFM.  Thin  coatings  deposited  by  filtered  cathodic  arc,  ion 
beam  and  ECR-CVD  hold  a  promise  for  tribological  applications.  Coatings  as 
thin  as  5  nm  or  even  thinner  in  thickness  provide  wear  protection.  Microscratch, 
microwear,  and  accelerated  wear  testing,  if  simulated  properly  can  be  successfully 
used  to  screen  coating  candidates  for  industrial  applications.  In  the  examples 
shown  in  this  chapter,  trends  observed  in  the  microscratch,  microwear,  and  accel- 
erated macrofriction  wear  tests  are  similar  to  that  found  in  functional  tests. 
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Chapter  18 

Self-Assembled  Monolayers  for  Nanotribology 

and  Surface  Protection 


Bharat  Bhushan 


Abstract  Reliability  of  various  micro-  and  nanodevices  requiring  relative  motion 
as  well  as  magnetic  storage  devices  requires  the  use  of  hydrophobic  and  lubricating 
films  to  minimize  adhesion,  stiction,  friction,  and  wear.  In  various  applications, 
surfaces  need  to  be  protected  from  exposure  to  the  operating  environment,  and 
hydrophobic  films  are  of  interest.  The  surface  films  should  be  molecularly  thick, 
well-organized,  chemically  bonded  to  the  substrate,  and  insensitive  to  environment. 
Ordered  molecular  assemblies  with  high  hydrophobicity  can  be  engineered  using 
chemical  grafting  of  various  polymer  molecules  with  suitable  functional  head 
groups,  spacer  chains,  and  nonpolar  surface  terminal  groups. 

In  this  chapter,  we  focus  on  self-assembled  monolayers  (SAMs)  with  high 
hydrophobicity  and  good  nanotribological  properties.  SAMs  are  produced  by 
various  organic  precursors.  We  first  present  a  primer  to  organic  chemistry,  followed 
by  an  overview  of  selected  SAMs  with  various  substrates,  spacer  chains,  and 
terminal  groups  in  the  molecular  chains  and  an  overview  of  nanotribological 
properties  of  SAMs.  The  contact  angle,  adhesion,  friction,  and  wear  properties  of 
SAMs  having  various  spacer  chains  with  different  surface  terminal  and  head  groups 
(hexadecane  thiol,  biphenyl  thiol,  perfluoroalkylsilane,  alkylsilane,  perfluoroal- 
kylphosphonate,  and  alkylphosphonate)  on  various  substrates  (Au,  Si,  and  Al)  are 
surveyed.  Chemical  degradation  mechanisms  and  environmental  effects  are  stud- 
ied. Based  on  the  contact  angle  and  nanotribological  properties  of  various  SAM 
films  by  atomic  force  microscopy  (AFM)  it  is  found  that  perfluoroalkylsilane 
and  perfiuorophosphonate  SAMs  exhibit  attractive  hydrophobic  and  tribological 
properties. 


18.1     Background 

Reliability  of  various  micro-  and  nanodevices,  also  commonly  referred  to  as  micro-/ 
nanoelectromechanical  systems  (MEMS/NEMS)  and  bioMEMS/bioNEMS,  requir- 
ing relative  motion,  as  well  as  magnetic  storage  devices  (which  include  magnetic 
rigid  disk  and  tape  drives)  requires  the  use  of  hydrophobic  and  lubricating  films  to 
minimize  adhesion,  stiction,  friction,  and  wear  [1-10].  In  various  applications, 
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surfaces  need  to  be  protected  from  exposure  to  the  operating  environment.  For 
example,  in  various  biomedical  applications,  such  as  biosensors  and  implantable 
biomedical  devices,  undesirable  protein  adsorption,  biofouling,  and  biocompatibi- 
lity  are  some  of  the  major  issues  [5,  7].  In  micro-  and  nanofluidic-based  sensors, 
the  fluid  drag  in  micro-  and  nanochannels  can  be  reduced  by  using  hydrophobic 
coatings.  Selected  hydrophobic  films  are  needed  for  these  applications. 


18.1.1     Need  for  Hydrophobic  Surfaces  for  Nanotribology 

The  source  of  the  liquid  film  at  the  interface  can  be  a  preexisting  film  of  liquid  and/or 
capillary  condensates  of  water  vapor  from  the  environment.  If  the  liquid  wets  the 
surface  (0  <  0  <  90°,  where  0  is  the  contact  angle  between  the  liquid-vapor 
interface  and  the  liquid-solid  interface  for  a  liquid  droplet  sitting  on  a  solid  surface 
(Fig.  18.  la)),  the  liquid  surface  is  constrained  to  lie  parallel  to  the  surface  [11—13], 
and  the  complete  liquid  surface  is  therefore  concave  in  shape  (Fig.  18.1b).  Direct 
measurement  of  contact  angle  is  most  widely  made  from  sessile  drops.  The  angle 
is  generally  measured  by  aligning  a  tangent  with  the  drop  profile  at  the  point 
of  contact  with  the  solid  surface  using  a  telescope  equipped  with  a  goniometer 
eyepiece.  Surface  tension  results  in  a  pressure  difference  across  any  meniscus  sur- 
face, referred  to  as  capillary  pressure  or  Laplace  pressure,  which  is  negative  for 
a  concave  meniscus  [14,  15].  The  negative  Laplace  pressure  results  in  an  intrinsic 
attractive  (adhesive)  force  which  depends  on  the  interface  roughness  (the  local 


Fig.  18.1    (a)  Schematic  of  a  sessile  drop  on  a  solid  surface  and  the  definition  of  contact  angle, 
(b)  Formation  of  meniscus  bridges  as  a  result  of  liquid  present  at  an  interface 
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geometry  of  interacting  asperities  and  number  of  asperities),  the  surface  tension, 
and  the  contact  angle.  During  normal  separation,  this  intrinsic  force  needs  to  be 
overcome  [16].  During  sliding,  frictional  effects  need  to  be  overcome,  not  only 
because  of  external  load  but  also  because  of  intrinsic  adhesive  force.  A  measured 
value  of  high  static  friction  force  contributed  largely  by  liquid-mediated  adhesion 
(meniscus  contribution)  is  generally  referred  to  as  stiction.  It  becomes  a  major 
concern  in  micro-  and  nanodevices  operating  at  ultralow  loads,  as  the  liquid- 
mediated  adhesive  force  may  be  on  the  same  order  as  the  external  load.  The  effect 
of  liquid-mediated  adhesion  can  be  minimized  by  increasing  surface  roughness 
and/or  the  use  of  a  liquid  with  low  surface  tension  with  film  thickness  on  the  order 
of  the  surface  roughness,  as  well  as  its  chemical  bonding  to  the  substrate  [14-21]. 
The  formation  of  menisci  and/or  condensation  of  water  vapor  from  the  environment 
at  the  interface  can  be  minimized  by  the  use  of  hydrophobic  (water-fearing)  coat- 
ings. Surfaces  can  be  made  superhydrophobic  by  the  introduction  of  controlled 
roughness  on  the  surfaces  to  take  advantage  of  the  so-called  lotus  effect  [22,  23]. 


18.1.2     Surface  Films  for  Nanotribology  and  Surface  Protection 

Surfaces  can  be  treated  or  coated  with  a  liquid  with  relatively  low  surface  tension  or 
certain  solid  films  to  make  them  hydrophobic  and/or  to  control  adhesion,  stiction, 
friction,  and  wear. 

The  classic  approach  to  lubrication  uses  freely  supported  multimolecular  layers 
of  liquid  lubricants  [2, 4,  6, 14,  15,  20,  24-27].  Boundary  lubricant  films  are  formed 
by  physisorption,  chemisorption  or  chemical  reaction.  The  physisorbed  films  can  be 
either  monomolecularly  or  polymolecularly  thick.  Chemisorbed  films  are  mono- 
molecular,  but  stoichiometric  films  formed  by  chemical  reaction  can  be  multilayers. 
In  general,  the  stability  and  durability  of  surface  films  decrease  in  the  following 
order:  chemically  reacted  films  >  chemisorbed  films  >  physisorbed  films.  A  good 
boundary  lubricant  should  have  a  high  degree  of  interaction  between  its  molecules 
and  the  sliding  surface.  As  a  general  rule,  liquids  will  have  a  more  desirable 
performance  when  they  are  polar  and  thus  able  to  grip  onto  solid  surfaces  (or  be 
adsorbed).  Polar  lubricants  contain  reactive  functional  end  groups.  Boundary  lubri- 
cation properties  are  also  dependent  upon  the  molecular  conformation  and  lubricant 
spreading.  It  should  be  noted  that  liquid  films  with  thickness  on  the  order  of  a  few 
nm  may  be  discontinuous  and  may  deposit  in  island  form  with  nonuniform  thick- 
ness and  lateral  resolution  on  the  nm  scale. 

Solid  films  are  also  commonly  used  for  controlling  hydrophobicity  and/or 
adhesion,  stiction,  friction,  and  wear.  Hydrophobic  films  have  nonpolar  surface 
terminal  groups  (to  be  described  later)  which  repel  water.  These  films  have  low 
surface  energy  (15-30  dyn/cm)  and  high  contact  angle  (0  >  90°)  which  mini- 
mize wetting  (e.g.,  [25,  28,  29]).  Multimolecularly  thick  (few  tenths  of  nm)  films 
of  conventional  solid  lubricants  have  been  studied.  Hansma  et  al.  [30]  reported 
the  deposition  of  multimolecularly  thick,  highly  oriented  polytetrafluoroethylene 
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(PTFE)  films  from  the  melt  or  vapor  phase  or  from  solution  by  a  mechanical 
deposition  technique  by  dragging  the  polymer  at  controlled  temperature,  pressure, 
and  speed  against  a  smooth  glass  substrate.  Scandella  et  al.  [31]  reported  that  the 
coefficient  of  nanoscale  friction  of  MoS2  platelets  on  mica,  obtained  by  the  exfoli- 
ation of  lithium  intercalated  M0S2  in  water,  was  a  factor  of  1.4  less  than  that  of  mica 
itself.  However,  M0S2  is  reactive  to  water,  and  its  friction  and  wear  properties 
degrade  with  increasing  humidity  [14, 15].  Amorphous  diamond-like  carbon  (DLC) 
coatings  can  be  produced  with  extremely  high  hardness  and  are  used  commercially 
as  wear-resistant  coatings  [32,  33].  They  are  widely  used  in  magnetic  storage 
devices  [2].  Doping  of  the  DLC  matrix  with  elements  such  as  hydrogen,  nitrogen, 
oxygen,  silicon,  and  fluorine  influences  their  hydrophobicity  and  tribological  prop- 
erties [32,  34,  35].  Nitrogen  and  oxygen  reduce  the  contact  angle  (or  increase  the 
surface  energy)  due  to  the  strong  polarity  formed  when  these  elements  bond  to 
carbon.  On  the  other  hand,  silicon  and  fluorine  increase  the  contact  angle  to 
70-100°  (or  reduce  the  surface  energy  to  20^-0  dyn/cm),  making  them  hydropho- 
bic [36,  37].  Nanocomposite  coatings  with  a  diamond-like  carbon  (a-C:H)  network 
and  a  glasslike  a-Si:0  network  are  generally  deposited  using  a  plasma-enhanced 
chemical  vapor  deposition  (PECVD)  technique  in  which  plasma  is  formed  from 
a  siloxane  precursor  using  a  hot  filament.  For  fiuorinated  DLC,  CF4  is  added  as  the 
fluorocarbon  source  to  an  acetylene  plasma.  In  addition,  fiuorination  of  DLC  can  be 
achieved  by  postdeposition  treatment  of  DLC  coatings  in  CF4  plasma.  Silicon-  and 
fluorine-containing  DLC  coatings  mainly  reduce  their  polarity  due  to  the  loss  of  sp2 
bonded  carbon  (due  to  the  polarization  potential  of  the  involved  n  electrons) 
and  dangling  bonds  of  the  DLC  network.  As  silicon  and  fluorine  are  unable  to 
form  double  bonds,  they  force  carbon  into  a  sp~  bonding  state  [37].  Friction  and 
wear  properties  of  both  silicon-containing  and  fiuorinated  DLC  coatings  have  been 
reported  to  be  superior  to  those  of  conventional  DLC  coatings  [38,  39].  However, 
DLC  coatings  require  a  line-of-sight  deposition  process  which  prevents  deposition 
on  complex  geometries.  Furthermore,  it  has  been  reported  that  some  self-assembled 
monolayers  (SAMs)  are  superior  to  DLC  coatings  in  terms  of  their  hydrophobicity 
and  tribological  performance  [40,  41]. 

Organized  and  dense  molecular-scale  layers  of,  preferably  long-chain,  organic 
molecules  are  known  to  be  superior  lubricants  on  both  macro-  and  micro-/nanoscales 
as  compared  with  freely  supported  multimolecular  layers  [4,  6].  Common  techni- 
ques to  produce  molecular  scale  organized  layers  are  Langmuir-Blodgett  (LB) 
deposition  and  chemical  grafting  of  organic  molecules  to  realize  SAMs  [28,  29]. 
In  the  LB  technique,  organic  molecules  from  suitable  amphiphilic  molecules  are 
first  organized  at  the  air-water  interface  and  then  physisorbed  on  a  solid  surface  to 
form  mono-  or  multimolecular  layers  [42].  in  the  case  of  SAMs  the  functional 
groups  of  molecules  chemisorb  onto  a  solid  surface,  which  results  in  the  spontane- 
ous formation  of  robust,  highly  ordered,  oriented,  dense  monolayers  [29].  In  both 
cases,  the  organic  molecules  used  have  well-distinguished  amphiphilic  properties 
(a  hydrophilic  functional  head  and  a  hydrophobic  aliphatic  tail)  so  that  adsorption 
of  such  molecules  on  an  active  inorganic  substrate  leads  to  their  firm  attachment  to 
the  surface.  Direct  organization  of  SAMs  on  the  solid  surfaces  allows  coating  in 
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inaccessible  areas.  The  weak  adhesion  of  classical  LB  films  to  the  substrate  surface 
restricts  their  lifetime  during  sliding,  whereas  certain  SAMs  can  be  very  durable. 
As  a  result,  SAMs  are  of  great  interest  in  tribological  applications. 

Much  research  into  the  application  of  SAMs  has  been  carried  out  using  the  so- 
called  soft  lithographic  technique  [43,  44],  This  is  a  nonphotolithographic 
technique.  Photolithography  is  based  on  a  projection-printing  system  used  for 
projection  of  an  image  from  a  mask  to  a  thin-film  photoresist;  its  resolution  is 
limited  by  optical  diffraction  limits.  In  soft  lithography,  an  elastomeric  stamp  or 
mold  is  used  to  generate  micropatterns  of  SAMs  by  either  contact  printing  (known 
as  microcontact  printing,  uCP  [45]),  by  embossing  (nanoimprint  lithography)  [46] 
or  by  replica  molding  [47],  thereby  circumventing  the  diffraction  limits  of  photo- 
lithography. The  stamps  are  generally  cast  from  photolithographically  generated 
patterned  masters,  and  the  stamp  material  is  generally  polydimethylsiloxane 
(PDMS).  In  uCP,  the  ink  is  a  SAM  precursor  to  produce  nm-thick  resists  with 
lines  thinner  than  100  nm.  Soft  lithography  requires  little  capital  investment.  uCP 
and  embossing  techniques  may  be  used  to  produce  microdevices  which  are  sub- 
stantially cheaper  and  more  flexible  in  terms  of  the  choice  of  material  for  construc- 
tion than  with  conventional  photolithography  (e.g.,  SAMs  and  non-SAM  entities 
for  uCP  and  elastomers  for  embossing). 

The  largest  industrial  application  for  SAMs  is  in  digital  micromirror  devices 
(DMD)  used  in  optical  projection  displays  [48,  49].  The  chip  set  of  a  DMD  consists 
of  half  a  million  to  more  than  two  million  independently  controlled  reflective 
aluminum  alloy  micromirrors  of  about  12  urn2.  These  micromirrors  switch  forward 
and  backward  at  a  frequency  on  the  order  of  5-7  kHz  with  a  rotation  of  ±12°  with 
respect  to  the  horizontal  plane;  the  movement  is  limited  by  a  mechanical  stop. 
Mechanical  contact  leads  to  stiction  and  wear  in  contacting  surfaces.  A  SAM  of 
vapor-deposited  perfluorinated  n-alkanoic  acid  (C„F2„_i02H)  [e.g.,  perfluorode- 
canoic  acid  (PFDA),  CF3(CF2)8COOH]  is  used  to  coat  contacting  surfaces  to 
make  them  hydrophobic  in  order  to  minimize  meniscus  formation.  Furthermore, 
the  entire  DMD  chip  set  is  hermetically  sealed  in  order  to  prevent  particulate 
contamination  and  excessive  condensation  of  water  at  the  contacting  surfaces.  A 
so-called  getter  strip  of  PFDA  is  included  inside  the  hermetically  sealed  enclosure 
containing  the  chip,  which  acts  as  a  reservoir  in  order  to  maintain  a  PFDA  vapor 
within  the  package.  Degradation  mechanisms  of  SAMs  leading  to  stiction  have 
been  studied  by  Liu  and  Bhushan  [50,  51].  Nanotribological  studies  of  various 
SAMs  on  Al  substrates  have  been  carried  out  by  Tambe  and  Bhushan  [52],  Bhushan 
et  al.  [53],  Hoque  et  al.  [54-56],  and  DeRose  et  al.  [57]. 

There  are  various  other  micro-/nanodevices  which  require  SAMs  for  hydropho- 
bicity  in  order  to  minimize  meniscus  formation.  Examples  include  micromotors, 
microgears,  microvalves,  microswitches,  mirror-based  optical  switches,  and  atomic 
force  microscopy  probes  [5-7].  Nanotribological  studies  on  Si  substrates  have  been 
carried  out  by  Bhushan  et  al.  [58-60],  Kasai  et  al.  [61],  Lee  et  al.  [62],  Tambe 
and  Bhushan  [52],  and  Tao  and  Bhushan  [63,  64].  SAM  deposition  on  Cu  surfaces 
is  also  being  explored  for  corrosion  inhibition  for  micro-/nanoelectronics  and/or 
heat-exchange  surfaces,  exploiting  dropwise  condensation  [65-67]. 
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Other  industrial  applications  for  SAMs  are  in  the  areas  of  biochemical  and  optical 
sensors,  devices  for  use  as  drug-delivery  vehicles,  and  in  the  construction  of 
electronic  components  [68-71].  Biochemical  sensors  require  highly  sensitive 
organic  layers  with  tailored  biological  properties  that  can  be  incorporated  into 
electronic,  optical  or  electrochemical  devices.  Self-assembled  microscopic  vesicles 
are  being  developed  to  ferry  potentially  life-saving  drugs  to  cancer  patients.  By 
assembling  organic,  metal,  and  phosphonate  molecules  (complexes  of  phosphorous 
and  oxygen  atoms)  into  conductive  materials,  these  can  be  produced  as  self-made 
sandwiches  for  use  as  electronic  components.  Several  applications  have  been  pro- 
posed based  on  silicon,  glass  or  polymer  nanochannels,  including  cell  immunoisola- 
tion  chambers,  DNA  separation  devices,  and  biocapsules  for  drug  delivery  [5,6]. 

SAMs  are  also  being  considered  for  protection  of  surfaces  from  exposure  to  the 
operating  environment.  They  are  being  developed  to  reduce  corrosion  and  oxida- 
tion of  Cu  in  heat  exchangers  [65-67].  They  are  being  developed  to  minimize 
undesirable  protein  adsorption  and  biofouling,  and  improve  biocompatibility  in 
biosensors  and  implantable  biomedical  devices  [52,  53,  58-63,  72,  73].  These 
films  can  also  be  used  to  reduce  fluid  drag  in  micro-/nanochannels. 


18.1.3     Scope  of  the  Chapter 

An  overview  of  molecularly  thick  layers  of  liquid  lubricants  and  conventional  solid 
lubricants  can  be  found  in  various  references,  such  as  works  by  Bhushan  [2, 4,  6,  14, 
15,  18,  32],  Bhushan  and  Zhao  [20],  and  Liu  [27].  In  this  chapter,  we  focus  on 
SAMs  for  high  hydrophobicity,  and  low  adhesion,  friction,  and  wear.  SAMs  are 
produced  by  various  organic  precursors.  We  first  present  a  primer  to  organic 
chemistry  followed  by  an  overview  on  suitable  substrates,  spacer  chains,  and  end 
groups  in  molecular  chains,  an  overview  on  contact  angle,  adhesion,  friction,  and 
wear  properties  of  various  SAMs,  and  some  concluding  remarks. 


18.2     A  Primer  to  Organic  Chemistry 

All  organic  compounds  contain  the  carbon  (C)  atom.  Carbon,  in  combination  with 
hydrogen,  oxygen,  nitrogen,  sulfur,  and  phosphor,  results  in  a  large  number  of 
organic  compounds.  The  atomic  number  of  carbon  is  6,  and  its  electron  structure  is 

0  0  0  1 0  1  0. 

Is  2s  2p  .  Two  stable  isotopes  of  carbon,  Cand  C,  exist.  With  four  electrons  in 
its  outer  shell,  carbon  forms  four  covalent  bonds,  with  each  bond  resulting  from  two 
atoms  sharing  a  pair  of  electrons.  The  number  of  electron  pairs  that  two  atoms  share 
determines  whether  or  not  the  bond  is  single  or  multiple.  In  a  single  bond,  only  one 
pair  of  electrons  is  shared  by  the  atoms.  Carbon  can  also  form  multiple  bonds  by 
sharing  two  or  three  pairs  of  electrons  between  the  atoms.  For  example,  the  double 
bond  formed  by  sharing  two  electron  pairs  is  stronger  than  a  single  bond,  and  it  is 
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shorter  than  a  single  bond.  An  organic  compound  is  classified  as  saturated  if  it 
contains  only  single  bonds  and  as  unsaturated  if  the  molecules  possess  one  or  more 
multiple  carbon-carbon  bonds. 


18.2.1     Electronegativity/Polarity 

When  two  different  kinds  of  atoms  share  a  pair  of  electrons,  a  bond  is  formed  in 
which  electrons  are  shared  unequally;  one  atom  assumes  a  partial  positive  charge 
and  the  other  a  negative  charge  with  respect  to  each  other.  This  difference  in  charge 
occurs  because  the  two  atoms  exert  unequal  attraction  on  the  pair  of  shared 
electrons.  The  attractive  force  that  an  atom  of  an  element  has  for  shared  electrons 
in  a  molecule  or  polyatomic  ion  is  known  as  its  electronegativity.  Elements  differ  in 
their  electronegativities.  A  scale  of  relative  electronegatives,  in  which  the  most 
electronegative  element,  fluorine,  is  assigned  a  value  of  4.0,  was  developed  by 
Pauling.  Relative  electronegativities  of  the  elements  in  the  Periodic  Table  can  be 
found  in  most  undergraduate  chemistry  textbooks  [74].  The  relative  electronegativ- 
ity of  nonmetals  is  high  compared  with  that  of  metals.  The  relative  electronegativity 
of  selected  elements  of  interest  with  high  values  is  presented  in  Table  18.1. 

The  polarity  of  a  bond  is  determined  by  the  difference  in  electronegativity  values 
of  the  atoms  forming  the  bond.  If  the  electronegativities  are  the  same  the  bond  is 
nonpolar,  and  the  electrons  are  shared  equally.  In  this  type  of  bond,  there  is  no 
separation  of  positive  and  negative  charge  between  atoms.  If  the  atoms  have  greatly 
different  electronegativities  the  bond  is  very  polar.  A  dipole  is  a  molecule  that  is 
electrically  asymmetrical,  causing  it  to  be  oppositely  charged  at  two  points.  As  an 
example,  in  HC1  both  hydrogen  and  chlorine  need  one  electron  to  form  stable 
electron  configurations.  They  share  a  pair  of  electrons.  Chlorine  is  more  electro- 
negative and  therefore  has  a  greater  attraction  for  the  shared  electrons  than  does 
hydrogen.  As  a  result,  the  pair  of  electrons  is  displaced  towards  the  chlorine  atom, 
giving  it  a  partial  negative  charge  and  leaving  the  hydrogen  atom  with  a  partial 
positive  charge  (Fig.  18.2).  However,  the  entire  HC1  molecule  is  electrically 
neutral.  The  hydrogen  atom  with  a  partial  positive  charge  (exposed  proton  on  one 
end)  can  be  easily  attracted  to  the  negative  charge  of  other  molecules  and  this  is 

Table  18.1    Relative  Element  Relative  electronegativity 

electronegativity  of  selected         — — 

F  4.0 


elements 


O  3.5 

N  3.0 

CI  3.0 

C  2.5 

S  2.5 

P  2.1 

H  2.1 
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Fig.  18.2    Schematic 
representation  of  the 
formation  of  a  polar  HC1 
molecule 


v2e 

(shared) 

Hydrogen 


&MD 


Chlorine 


responsible  for  the  polarity  of  the  molecule.  A  partial  charge  is  usually  indicated  by 
S,  and  the  electronic  structure  of  HC1  is  given  as 

5+    5- 
H    :C1:- 

Similar  to  the  HC1  molecule,  HF  is  polar,  and  both  behave  as  a  small  dipole.  On  the 
other  hand,  methane  (CH4),  carbon  tetrachloride  (CCI4),  and  carbon  dioxide  (CO2) 
are  nonpolar.  In  CH4  and  CC14,  the  four  C-H  and  C-Cl  polar  bonds  are  identical, 
and  because  these  bonds  emanate  from  the  center  to  the  corners  of  a  tetrahedron  in 
the  molecule,  the  effects  of  their  polarities  cancel  one  another.  C02  (0=C=0)  is 
nonpolar  because  the  C-0  dipoles  cancel  each  other  by  acting  in  opposite  direction. 
Water  (H-O-H)  is  a  polar  molecule.  If  the  atoms  in  water  were  linear  as  in  CO2,  the 
two  O-H  dipoles  would  cancel  each  other,  and  the  molecule  would  be  nonpolar. 
However,  water  has  a  bent  structure  with  an  angle  of  105°  between  the  two  bonds, 
which  is  responsible  for  water  being  a  polar  molecule. 


18.2.2     Classification  and  Structure  of  Organic  Compounds 


Table  18.2  presents  selected  organic  compounds  grouped  into  classes. 


Hydrocarbons 


Hydrocarbons  are  compounds  that  are  composed  entirely  of  carbon  and  hydrogen 
atoms  bonded  to  each  other  by  covalent  bonds.  Saturated  hydrocarbons  (alkanes) 
contain  single  bonds.  Unsaturated  hydrocarbons  that  contain  C=C  bonds  are  called 
alkenes,  and  ones  with  triple  bonds  are  called  alkynes.  Unsaturated  hydrocarbons 
that  contain  aromatic  rings,  e.g.,  benzene  rings,  are  called  aromatic  hydrocarbons. 
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Table  18.2   Names  and 
formulas  of  selected 
hydrocarbons 


Name 

Formula 

Saturated  hydrocarbons 

Straight-chain  alkanes 

C„H2„+2 

e.g.,  methane 

CH4 

ethane 

C2H6  or  CH3CH3 

Alkyl  groups 

C„H2„+i 

e.g.,  methyl 

-CH3 

ethyl 

-CH2CH3 

Unsaturated  hydrocarbons 

Alkenes 

(CH2)„ 

e.g.,  ethene 

C2H4  or  CH2=CH2 

propene 

C3H6  or  CH3CH=CH2 

Alkynes  e.g.,  acetylene 

HC  =  CH 

Aromatic  hydrocarbons  e.g.,  benzene 

^«*. 

C6H5OHor[7~\] 

Saturated  Hydrocarbons:  Alkanes 

The  alkanes,  also  known  as  paraffins,  are  saturated  hydrocarbons,  straight-  or 
branched-chain  hydrocarbons  with  only  single  covalent  bonds  between  the  carbon 
atoms.  The  general  molecular  formula  for  the  alkanes  is  C„H2„+2,  where  n  is  the 
number  of  carbon  atoms  in  the  molecule.  Each  carbon  atom  is  connected  to  four 
other  atoms  by  four  single  covalent  bonds.  These  bonds  are  separated  by  angles  of 
109.5°  (the  angle  between  lines  from  the  center  of  a  regular  tetrahedron  to  its 
corners).  Alkane  molecules  contain  only  carbon-carbon  and  carbon-hydrogen 
bonds,  which  are  symmetrically  directed  towards  the  corners  of  a  tetrahedron. 
Therefore  alkane  molecules  are  essentially  nonpolar. 

Common  alkyl  groups  have  the  general  formula  C„H2„+i  (one  hydrogen  atom 
fewer  than  the  corresponding  alkane).  The  missing  H  atom  may  be  detached  from 
any  carbon  in  the  alkane.  The  name  of  the  group  is  formed  from  the  name  of  the 
corresponding  alkane  by  replacing  -ane  with  -yl  ending.  Some  examples  are  shown 
in  Table  18.2. 


Unsaturated  Hydrocarbons 


Unsaturated  hydrocarbons  consist  of  three  families  of  compounds  that  con- 
tain fewer  hydrogen  atoms  than  the  alkane  with  the  corresponding  number  of 
carbon  atoms,  and  contain  multiple  bonds  between  carbon  atoms.  These  include 
alkenes  (with  C=C  bonds),  alkynes  (with  C=C  bonds),  and  aromatic  com- 
pounds (with  benzene  rings  which  are  arranged  in  a  six-membered  ring  with 
one  hydrogen  atom  bonded  to  each  carbon  atom).  Some  examples  are  shown  in 
Table  18.2. 
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Alcohols,  Ethers,  Phenols,  and  Thiols 

Organic  molecules  with  certain  functional  groups  are  synthesized  for  desirable  proper- 
ties. Alcohols,  ethers,  and  phenols  are  derived  from  the  structure  of  water  by  replacing 
the  hydrogen  atoms  of  water  with  alkyl  groups  (R)  or  aromatic  (Ar)  rings.  For  example, 
phenol  is  a  class  of  compounds  that  has  a  hydroxy  group  attached  to  an  aromatic  ring 
(benzene  ring).  Organic  compounds  that  contain  the  -SH  group  are  analogs  of 
alcohols,  and  are  known  as  thiols.  Some  examples  are  shown  in  Table  18.3. 


Aldehydes  and  Ketones 

Both  aldehydes  and  ketones  contain  the  carbonyl  group 

\>0, 

/ 

a  carbon-oxygen  double  bond.  Aldehydes  have  at  least  one  hydrogen  atom  bonded 
to  the  carbonyl  group,  whereas  ketones  have  only  alkyl  or  aromatic  group  bonded  to 
the  carbonyl  group.  The  general  formula  for  the  saturated  homologous  series  of 
aldehydes  and  ketones  is  C„H2„0.  Some  examples  are  shown  in  Table  18.4. 

Cavboxyl  Acids  and  Esters 

The  functional  group  of  the  carboxylic  acids  is  known  as  a  carboxyl  group,  repre- 
sented as  -COOH.  Carboxylic  acids  can  be  either  aliphatic  (RCOOH)  or  aromatic 
(ArCOOH).  The  carboxylic  acids  with  even  numbers  of  carbon  atoms  n  ranging  from 
4  to  about  20  are  called  fatty  acids  (e.g.,  n  =  10,  12,  14,  16,  and  18,  called  capric 
acid,  lauric  acid,  myristic  acid,  palmitic  acid,  and  stearic  acid,  respectively). 

Esters  are  alcohol  derivates  of  carboxylic  acids.  Their  general  formula  is 
RCOOR',  where  R  may  be  a  hydrogen,  alkyl  group  or  aromatic  group,  and  R' 
may  be  an  alkyl  group  or  aromatic  group,  but  not  a  hydrogen.  Esters  are  found  in 
fats  and  oils.  Some  examples  are  shown  in  Table  18.5. 


Table  18.3   Names  and 
formulas  of  selected  alcohols, 
ethers,  phenols,  and  thiols. 
The  letters  R  and  R'  represent 
an  alkyl  group.  The  R-groups 
in  ethers  can  be  the  same 
or  different  and  can  be  alkyl 
or  aromatic  (Ar)  groups 


Name 


Formula 


Alcohols 

e.g.,  methanol 

ethanol 

Ethers 

e.g.,  dimethyl  ether 

diethyl  ether 

Phenols 


Thiols 

e.g.,  methanethiol 


R-OH 

CH3OH 

CH3CH2OH 

R-O-R' 

CH3-0-CH3 

CH3CH2-0-CH2CH3 

C6H5OHorf 

-SH 
CH3SH 
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Table  18.4  Names  and  formulas  of  selected  aldehydes  and  ketones. 
The  letters  R  and  R'  represent  an  alkyl  group  and  Ar  represents  an 
aromaticgroup 


Name 


Formula 


Aldehydes 


e.g.,  methanal  or  formaldehyde 
ethanol  or  acetaldehyde 
Ketones 


e.g.,  butanone  or  methyl  ethyl  ketone 


RCHO  or 


R-C-H 


ArCHO  or 

II 

Ar-C-H 

HCHO 

CH3CHO 

RCOR'  or 

0 

II 

R-  C-  R 

RCOAr  or 

O 

II 

R-  C-  Ar 

ArCOAr  oi 

O 

II 

Ar-  C-  Ar 

CH3COCH2CH3 

Table  18.5    Names  and  formulas  of  selected  carboxylic  acids  and 
esters 


Name 


Formula 


Carboxylic  acid" 


e.g.,  methanoic  acid  (formic  acid) 
ethanoic  acid  (acetic  acid) 
octadecanoic  acid  (stearic  acid) 

Esters6 


e.g.,  methyl  propanoate 


RCOOH  or 


ArCOOH  or 


R-  C-  OH 
0 

II 

Ar-  C-  OH 


HCOOH 

CH3COOH 

CH3(CH2)16COOH 

O 
RCOOR'or  R-c-O-R' 

acid        alcohol 

CH3CH2COOCH3 


"The  letter  R  represents  an  alkyl  group  and  Ar  represents  an  aromatic 

group 

fcThe  letter  R  represents  hydrogen,  alkyl  group  or  aromatic  group  and 

R'  represents  alkyl  group  or  aromatic  group 
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Table  18.6  Names  and  formulas  of  selected  organic  nitrogen 
compounds  (amides  and  amines).  The  letter  R  represents  an  alkyl 
group  or  aromatic  group 


Name 

Formula 

Amides 

O 
RCONHt  or         || 

R-  C-  NH2 

e.g.,  methanamide  (formamide) 
ethanamide  (acetamide) 
Amines 

HCONH2 
CH3CONH2 

H 

RNH2  or  R-  N^ 

e.g.,  methylamine 
ethylamine 

R2NH 
R3N 

CH3NH2 
CH3CH2NH2 

Amides  and  Amines 

Amides  and  amines  are  organic  compounds  containing  nitrogen.  Amides  are  nitro- 
gen derivates  of  carboxylic  acids.  The  carbon  atom  of  a  carbonyl  group  is  bonded 
directly  to  a  nitrogen  atom  of  an  -NH2,  -NHR  or  -NR2  group.  The  characteristic 
structure  of  amide  is  RCONH2. 

An  amine  is  a  substituted  ammonia  molecule  which  has  a  general  structure  of 
RNH2,  R2NH  or  R3N,  where  R  is  an  alkyl  or  aromatic  group.  Some  examples  are 
shown  in  Table  18.6. 


18.2.3    Polar  and  Nonpolar  Groups 

Table  18.7  summarizes  polar  and  nonpolar  groups  commonly  used  in  the  construc- 
tion of  hydrophobic  and  hydrophilic  molecules.  Table  18.8  lists  the  relative  polarity 
of  selected  polar  groups  [75].  Thiol,  silane,  carboxylic  acid,  and  alcohol  (hydroxyl) 
groups  are  the  most  commonly  used  polar  anchor  groups  for  their  attachment  to 
surfaces.  Silane  anchor  groups  are  commonly  used  for  Si  or  Si02  surfaces,  as 
-Si— O-  bonds  are  strong.  Methyl  and  trifluoromethyl  are  commonly  used  as  end 
groups  for  hydrophobic  film  surfaces. 


18.3     Self-assembled  Monolayers:  Substrates,  Spacer  Chains, 
and  End  Groups  in  the  Molecular  Chains 

SAMs  are  formed  as  a  result  of  spontaneous,  self-organization  of  functionalized 
organic  molecules  onto  the  surfaces  of  appropriate  substrates  into  stable,  well- 
defined  structures  (Fig.  18.3).  The  final  structure  is  close  to  or  at  thermodynamic 
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Table  18.7    Some  examples  of  polar  (hydrophilic)  and  nonpolar 
(hydrophobic)  groups.  The  letter  R  represents  an  alkyl  group 


Name 


Formula 


Polar 

Alcohol  (hydroxyl) 
Carboxyl  acid 
Aldehyde 
Ketone 


Ester 
Carbonyl 


-OH 

-COOH 

-COH 

O 

R-C-R 
-COO- 
\>0 


Ether 

Amine 

Amide 


Phenol 


Thiol 

Trichlorosilane 

Nonpolar 

Methyl 

Trifluoromethyl 
Aryl  (benzene  ring) 


R-O-R 
-NH2 

0 

II 
-  C-  NHo 


OH 


-SH 
SiCl3 

-CH3 
-CF3 


Table  18.8    Organic  groups  listed  in  increasing  order  of  polarity 

Alkanes 

Alkenes 

Aromatic  hydrocarbons 

Ethers 

Trichlorosilanes 

Aldehydes,  ketones,  esters,  carbonyls 

Thiols 

Amines 

Alcohols,  phenols 

Amides 

Carboxylic  acids 


equilibrium,  and  as  a  result  it  tends  to  form  spontaneously  and  rejects  defects. 
SAMs  consist  of  three  building  groups:  a  head  group  that  binds  strongly  to  a 
substrate,  a  surface  terminal  (tail  or  end)  group  that  constitutes  the  outer  surface 
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Fig.  18.3    Schematic  of  a  Surface  terminal  group 

SAM  on  a  surface  and  the 

associated  forces  Spacer  chain-  — /</  Interchain 

van  der  Waals 
"  and  electrostatic 
Chemical  bond  interactions 

at  the  surface -W         Surface-active 

head  group 


Substrate 


Self-assembly  molecules 


of  the  film,  and  a  spacer  chain  (backbone  chain)  that  connects  the  head  and  surface 
terminal  groups.  SAMs  are  named  based  on  the  surface  terminal  group,  followed  by 
the  spacer  chain  and  the  head  group  (or  type  of  compound  formed  at  the  surface).  In 
order  to  control  hydrophobicity,  adhesion,  friction,  and  wear,  it  should  be  strongly 
adherent  to  the  substrate,  and  the  surface  terminal  group  of  the  organic  molecular 
chain  should  be  nonpolar.  For  strong  attachment  of  the  organic  molecules  to  the 
substrate,  the  head  group  of  the  molecular  chain  should  contain  a  polar  terminal 
group,  resulting  in  the  exothermic  process  (energies  on  the  order  of  tens  of  kcal/mol), 
i.e.,  the  apparent  pinning  of  the  head  group  to  a  specific  site  on  the  surface  through  a 
chemical  bond.  Furthermore,  the  molecular  structure  and  any  cross-linking  would 
have  a  significant  effect  on  their  friction  and  wear  performance.  The  substrate 
surface  should  have  a  high  surface  energy  (hydrophilic),  so  that  there  will  be  a 
strong  tendency  for  molecules  to  adsorb  onto  the  surface.  The  surface  should 
be  highly  functional  with  polar  groups  and  dangling  bonds  (generally  unpaired 
electrons)  so  that  they  can  react  with  organic  molecules  and  provide  a  strong 
bond.  Because  of  the  exothermic  head  group-substrate  interactions,  molecules  try 
to  occupy  every  available  binding  site  on  the  surface,  and  during  this  process  they 
generally  push  together  molecules  that  have  already  adsorbed.  The  process  results 
in  the  formation  of  ordered  molecular  assemblies.  The  interactions  between 
molecular  chains  are  of  van  der  Waals  or  electrostatic  type,  with  energies  on 
the  order  of  a  few  kcal/mol  (<  10),  exothermic.  The  molecular  chains  in 
SAMs  are  not  perpendicular  to  the  surface;  the  tilt  angle  depends  on  the  anchor 
group  as  well  as  on  the  substrate  and  the  spacer  group.  For  example,  the  tilt  angle 
for  alkanethiolate  on  Au  is  typically  about  30-35°  with  respect  to  the  substrate 
normal. 

Table  18.9  lists  selected  systems  which  have  been  used  for  the  formation  of 
SAMs  [44],  The  spacer  chain  of  the  SAM  is  mostly  an  alkyl  chain  ((-CH2)„)  or 
made  of  a  derivatized  alkyl  group.  By  attaching  different  terminal  groups  at  the 
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Table  18.9  Selected  substrates  and  precursors  which  have  commonly  been  used  for  formation 
of  SAMs.  R  represents  alkane  (C„H2„+2)  and  Ar  represents  aromatic  hydrocarbon.  It  consists  of 
various  surface  active  headgroups  and  mostly  with  methyl  terminal  group 


Substrate 

Precursor 

Binding  with  substrate 

Au 

RSH  (thiol) 

RS-Au 

Au 

ArSH  (thiol) 

ArS-Au 

Au 

RSSR'  (disulfide) 

RS-Au 

Au 

RSR'  (sulfide) 

- 

Si/Si02,  glass 

RSiCl3  (trichlorosilane) 

Si-O-Si  (siloxane) 

Si/Si-H 

RCOOH  (carboxyl) 

R-Si 

Metal  oxides  (e.g. 

,  A1203, 

Sn02: 

TiQ2) 

RCOOH  (carboxyl) 

RCOO MO„ 

surface,  the  film  surface  can  be  made  to  attract  or  repel  water.  The  commonly  used 
surface  terminal  group  of  a  hydrophobic  film  with  low  surface  energy,  in  the  case  of 
a  single  alkyl  chain,  is  a  nonpolar  methyl  (-CH3)  or  trifluoromethyl  (— CF3)  group. 
For  a  hydrophilic  film,  the  commonly  used  surface  terminal  groups  are  alcohol 
(-OH)  or  carboxylic  acid  (-COOH)  groups.  The  surface  active  head  groups 
most  commonly  used  are  thiol  (-SH),  silane  (e.g.,  trichlorosilane  or  -SiCla),  and 
carboxyl  (-COOH)  groups.  The  substrates  most  commonly  used  are  gold,  silver, 
platinum,  copper,  hydroxylated  (activated)  surfaces  of  SiC>2  on  Si,  AI2O3  on  Al, 
and  glass. 

As  an  example  substrate,  epitaxial  Au  film  on  glass,  mica  or  single-crystal 
silicon,  produced  by  e-beam  evaporation,  is  commonly  used  because  it  can  be 
deposited  on  smooth  surfaces  as  a  film  which  is  atomically  flat  and  defect  free. 
Bulk  single-crystal  Si,  sputtered  Al  film,  bulk  Al  sheets,  and  copper  disks  with 
natural  oxide  layers  have  been  selected  because  of  their  use  in  the  construction 
of  MEMS/NEMS  (e.g.,  digital  projection  displays)  and  heat-exchange  applica- 
tions, respectively.  The  substrate  surface  should  be  clean  before  deposition.  For 
silicon  substrates,  a  concentrated  HF  solution  (typically  49%  HF)  is  commonly 
used  to  remove  the  oxide  layer,  followed  by  a  rinse  with  deionized  water 
[60,  62].  Hydrogen  passivates  the  surface  by  saturating  the  dangling  bonds, 
which  results  in  a  hydrogen-terminated  silicon  surface  with  hydrophobic  proper- 
ties. For  deposition  of  multimolecularly  thick  polymer  films  with  nonpolar  ends, 
hydrophobic  substrates  may  lead  to  a  coated  surface  with  a  high  contact  angle, 
which  is  preferred.  For  SAM  deposition,  the  substrate  should  be  hydrophilic  in 
order  to  form  strong  interfacial  bonds  with  their  head  groups.  Hydroxylation  of 
oxide  surfaces  is  carried  out  to  make  them  hydrophilic.  Silicon  and  other  metals 
get  oxidized  and  get  hydroxylated  to  some  degree  when  exposed  to  the  envi- 
ronment. Bulk  silicon,  polysilicon  film  or  SiC>2  film  surfaces  are  commonly 
treated  to  produce  a  hydroxylated  silica  surface  by  immersion  in  Piranha 
solution  (a  mixture  of  typically  3:1  v/v  98%H2SO4:30%H2O2)  at  temperatures 
of  «90°C  for  «30  min  followed  by  a  rinse  in  deionized  (DI)  water  [27,  60,  62]. 
Piranha  solution  also  removes  any  organic  and  metallic  contaminants,  whereas 
HF  would  not  necessarily  remove  organics.  Oxygen  plasma  is  another  technique 
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Fig.  18.4    Schematic 
showing  HF-treated  silica  and 
the  hydroxylation  process 
occurring  on  a  silica  and 
elastomeric  surfaces  using 
Piranha  solution  and  oxygen 
plasma,  respectively 


H       H       H 

I 
-Si — Si — Si- 

OH    OH    OH 

I 
-Si — Si — Si- 


HF  treated  silicon 


Piranha-treated  silicon 


CH,  CH,  CH3  CH3  Silicon  rubber 

\     /         \     /  before  and  after 

Si      O      Si  oxygen  plasma  treatment 

Oxygen  plasma  treatment 


OH  O'H'  Fr°m exPosure 

I '■- -''  | '"- ■''  to  environment 

— Si— O— Si- 


used  for  hydroxylation  for  S1O2  as  well  as  polymer  surfaces  [59,  61,  64,  73].  For 
complex  silicon  geometries  or  fine  structures,  such  as  AFM  tips,  oxygen  plasma 
may  be  preferable.  Figure  18.4  shows  the  schematics  of  surfaces  after  various 
surface  treatments.  Surfaces  after  piranha  or  oxygen  plasma  treatment  remain 
hydrophilic  for  a  few  hours  to  about  a  day  and  become  hydrophobic  when 
they  come  into  contact  with  carbon.  They  can  retain  hydrophilicity  longer 
in  dry  nitrogen.  To  retain  hydrophobicity,  polymers  are  generally  stored  in  DI 
water.  Surfaces  treated  with  HF  remain  hydrophobic  for  w2— 3  h  and  can  retain 
hydrophobicity  longer  in  dry  nitrogen. 

For  organic  molecules  to  pack  together  and  provide  a  better  ordering,  a  sub- 
strate for  given  molecules  should  be  selected  such  that  the  cross-sectional  diam- 
eter of  the  spacer  chains  of  the  molecule  is  equal  to  or  smaller  than  the  distance 
between  the  anchor  groups  attached  to  the  substrate.  For  the  case  of  alkanethiol 
film,  the  advantage  of  Au  substrate  over  SiC>2  substrate  is  that  it  results  in  better 
ordering  because  the  cross-sectional  diameter  of  the  alkane  molecule  is  slightly 
smaller  than  the  distance  between  sulfur  atoms  attached  to  the  Au  substrate 
(«0.53  nm).  The  thickness  of  the  film  can  be  controlled  by  varying  the  length 
of  the  hydrocarbon  chain,  and  the  surface  properties  of  the  film  can  be  modified 
by  the  terminal  group. 

SAMs  are  usually  produced  by  immersing  a  substrate  in  a  solution  containing  the 
precursor  (ligand)  that  is  reactive  to  the  substrate  surface  or  by  exposing  the 
substrate  to  the  vapor  of  the  reactive  chemical  precursors  [28].  A  schematic  of 
the  vapor  deposition  system  is  shown  in  Fig.  18.5  [59,  60,  73].  Samples  are  placed 
in  the  quartz  reaction  tube.  The  silane  bubbler  is  used  for  introducing  gas-phase 
silane  into  the  quartz  reaction  tube  placed  in  an  oven  at  a  controlled  temperature. 
An  inert  gas  flow  (N2)  is  used  as  a  carrier  gas.  A  byproducts  condenser  is  used  for 
trapping  the  byproducts  and/or  nonreacted  silanes. 

Research  on  some  SAMs  has  been  widely  reported.  SAMs  of  long-chain  fatty 
acids  C„H2„+iCOOH  or  (CH3)(CH2)„COOH  (77  =  10,  12,  14  or  16)  on  glass  or 
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Fig.  18.5    Schematic  showing  vapor-phase  deposition  system  for  silane  SAMs  (after  [59]) 


Fig.  18.6    Schematics  of 
a  methyl-terminated, 
fl-alkylsiloxane  monolayer 
on  Si/SiQ2 
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alumina  substrates  have  been  widely  studied  since  the  1950s  [24,  25,  28,  29,  76]. 
Probably  the  most  studied  SAMs  to  date  are  n-alkanethiolate  (n-alkyl  and  K-alkane 
are  used  interchangeably)  monolayers  CH3(CH2)„S-  prepared  from  the  adsorption 
of  alkanethiol  -(CH2)„SH  solution  onto  a  Au  film  [44,  77-79,  80,  81]  and 
M-alkylsiloxane.  Siloxane  (Si-O-Si)  refers  to  the  bond,  whereas  silane  (Si„X2„+2, 
which  includes  a  covalently  bonded  compound  containing  the  elements  Si  and  other 
atoms  or  groups  such  as  H  and  CI  to  form  SiH4  and  SiClzi,  respectively)  refers  to  the 
head  group  of  the  precursor.  These  terms  are  used  interchangeably.  Monolayers 
produced  by  adsorption  of  «-alkyltrichlorosilane  -(CH2)„SiCl3  onto  a  hydroxylated 
Si/Si02  substrate  with  siloxane  (Si-O-Si)  binding  (Fig.  18.6)  [52,  58-63,  82]. 
Tambe  and  Bhushan  [52],  Bhushan  et  al.  [53],  Hoque  et  al.  [54-56,  65-67].  DeRose 
et  al.  [57]  have  produced  perfluoroalkylsilane  and  perfluoroalkylphosphonate  on 
Al  and  Cu  surfaces. 


420  B.  Bhushan 

18.4     Contact  Angle  and  Nanotribological  Properties  of  SAMs 

The  basis  for  the  molecular  design  and  tailoring  of  SAMs  should  start  from 
complete  knowledge  of  the  interrelationships  between  the  molecular  structure  and 
contact  angle  and  nanotribological  properties  of  SAMs,  as  well  as  deep  understand- 
ing of  the  adhesion,  friction,  and  wear  mechanisms  of  SAMs  at  the  molecular  level. 
Friction  and  wear  studies  of  SAMs  have  been  carried  out  on  macro-  and  nanoscales. 
Macroscale  tests  are  conducted  using  a  so-called  pin-on-disk  tribotester  apparatus 
in  which  a  ball  specimen  slides  against  a  lubricated  flat  specimen  [14,  15].  Nano- 
scale  tests  are  conducted  using  an  atomic  force/friction  force  microscope  (AFM/FFM) 
[4,  6,  14,  15].  In  AFM/FFM  experiments,  a  sharp  tip  of  a  radius  ranging  from  «5  to 
50  nm  slides  against  a  SAM  specimen.  A  Si3N4  tip  is  commonly  used  for  friction 
studies,  and  a  Si  or  natural  diamond  tip  is  commonly  used  for  scratch,  wear,  and 
indentation  studies. 

In  early  studies,  the  effect  of  chain  length  of  the  carbon  atoms  of  fatty-acid 
monolayers  on  the  coefficient  of  friction  and  wear  on  the  macroscale  was  studied  by 
Bowden  and  Tabor  [24]  and  Zisman  [25].  Zisman  [25]  reported  that,  for  mono- 
layers deposited  on  a  glass  surface  sliding  against  a  stainless-steel  surface,  there  is  a 
steady  decrease  in  friction  with  increasing  chain  length.  At  a  significantly  long 
chain  length,  the  coefficient  of  friction  reaches  a  lower  limit  (Fig.  18.7a).  He  further 
reported  that  monolayers  having  a  chain  length  below  12  C  atoms  behave  as  liquids 
(poor  durability),  and  those  with  a  chain  length  of  12-15  C  atoms  behave  like  a 
plastic  solid  (medium  durability),  whereas  those  with  a  chain  length  above  15  C 
atoms  behave  like  a  crystalline  solid  (high  durability).  Investigations  by  Ruhe  et  al. 
[83]  indicated  that  the  lifetime  of  a  alkylsilane  monolayer  coating  on  a  silicon 
surface  increases  greatly  with  increasing  chain  length  of  the  alkyl  substituent. 
DePalma  and  Tillman  [84]  showed  that  a  monolayer  of  n-octadecyltrichlorosilane 
(«-CigH37SiCl3,  OTS)  is  an  effective  lubricant  on  silicon. 

With  the  development  of  AFM  techniques,  researchers  have  successfully  char- 
acterized the  nanotribological  properties  of  self-assembled  monolayers  [1,  4,  6]. 
Studies  by  Bhushan  et  al.  [58]  showed  that  Cig  alkylsiloxane  films  exhibit  the 
lowest  coefficient  of  friction  and  can  withstand  a  much  higher  normal  load  during 
sliding  as  compared  with  LB  films,  soft  Au  films,  and  hard  SiC>2  coatings.  McDermott 
et  al.  [85]  used  AFM  to  study  the  effect  of  the  length  of  alkyl  chains  on  the  frictional 
properties  of  methyl-terminated  /7-alkylthiolate  CH3(CH2)„S-  films  chemisorbed 
on  Au(lll).  They  reported  that  longer-chain  monolayers  exhibit  markedly  lower 
friction  and  reduced  propensity  for  wear  than  shorter-chain  monolayers 
(Fig.  18.7b).  These  results  are  in  good  agreement  with  the  macroscale  results  by 
Zisman  [25].  They  also  conducted  infrared  reflection  spectroscopy  to  measure  the 
bandwidth  of  the  methylene  stretching  mode  (va(CH2))  which  exhibits  a  qualitative 
correlation  with  the  packing  density  of  the  chains.  It  was  found  that  the  chain 
structures  of  monolayers  prepared  with  longer  chain  lengths  are  more  ordered  and 
more  densely  packed  in  comparison  with  those  of  monolayers  prepared  with  shorter 
chain  lengths.  They  further  reported  that  the  ability  of  the  longer-chain  monolayers 
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Fig.  18.7    (a)  Effect  of  chain 
length  (or  molecular  weight) 
on  the  coefficient  of 
macroscale  friction  of 
stainless  steel  sliding  on  glass 
lubricated  with  a  monolayer 
of  fatty  acid,  and  contact 
angle  of  methyl  iodide  on 
condensed  monolayers  of 
fatty  acid  on  glass  (after  [25]). 
(b)  Effect  of  chain  length 
of  methyl-terminated 
«-alkanethiolate  over  Au  film 
AuS(CH2)„CH3  on  the 
coefficient  of  microscale 
friction  and  peak  bandwidth 
at  half  maximum  (Avi/2)  for 
the  bandwidth  of  the 
methylene  stretching  mode 
(va(CH2))  (after  [85]) 
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to  retain  molecular-scale  order  during  shear  leads  to  a  lower  observed  friction. 
Monolayers  having  a  chain  length  of  more  than  12  C  atoms,  preferably  18  or  more, 
are  desirable  for  tribological  applications.  (Incidentally,  monolayers  with  18  C 
atoms,  octadecanethiol  films,  have  been  widely  studied.) 

Xiao  et  al.  [86]  and  Lio  et  al.  [87]  also  studied  the  effect  of  the  length  of  the  alkyl 
chains  on  the  frictional  properties  of  w-alkanethiolate  films  on  gold  and  M-alkylsi- 
lane  films  on  mica.  Friction  was  found  to  be  particularly  high  with  short  chains  of 
fewer  than  eight  carbon  atoms.  Thiols  and  silanes  exhibit  similar  friction  forces 
for  the  same  n  when  n  >  11,  while  for  n  <  11,  silanes  exhibit  higher  friction, 
larger  than  that  for  thiols  by  a  factor  of  about  3  for  n  =  6.  The  increase  in  friction 
was  attributed  to  the  large  number  of  dissipative  modes  in  the  less  ordered  chains 
that  occurs  when  going  from  a  thiol  to  a  silane  anchor  or  when  decreasing  n.  Longer 
chains  (n  >  11),  stabilized  by  van  der  Waals  attraction,  form  more  compact 
and  rigid  layers  and  act  as  better  lubricants.  Schonherr  and  Vancso  [88]  also  corre- 
lated the  magnitude  of  friction  with  the  order  of  the  alkane  chains.  The  disorder 
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of  short-chain  hydrocarbon  disulfide  SAMs  was  found  to  result  in  a  significant 
increase  in  the  magnitude  of  friction. 

Tsukruk  and  Bliznyuk  [89]  studied  the  adhesion  and  friction  between  a  Si 
sample  and  a  Si3N4  tip,  in  which  both  surfaces  were  modified  by  -CH3-,  -NH2-, 
and  -SOsH-terminated  silane-based  SAMs.  Various  polymer  molecules  were  used 
for  the  backbone.  They  reported  a  very  broad  maximum  adhesive  force  in  the  pH 
range  from  4  to  8,  with  minimum  adhesion  at  pH  >  9  and  pH  <  3  for  all  of 
the  studied  mating  surfaces.  This  observation  can  be  understood  by  considering 
a  balance  of  electrostatic  and  van  der  Waals  interactions  between  composite  sur- 
faces with  multiple  isoelectric  points.  The  friction  coefficient  of  NH2/NH2 
and  SO3H/SO3H  mating  SAMs  was  very  high  in  aqueous  solutions.  Cappings  of 
NH2-modified  surfaces  (3-aminopropyltriethoxysilane)  with  rigid  and  soft  polymer 
layers  resulted  in  a  significant  reduction  in  adhesion  to  a  level  lower  than  that  of 
untreated  surface  [90].  Fujihira  et  al.  [91]  studied  the  influence  of  surface  terminal 
groups  of  SAMs  and  functional  tip  on  adhesive  force.  It  was  found  that  the  adhesive 
forces  measured  in  air  increase  in  the  order:  CH3/CH3,  CH3/COOH,  COOH/COOH. 

Bhushan  and  Liu  [79],  Liu  et  al.  [80],  and  Liu  and  Bhushan  [81,  92]  studied 
adhesion,  friction,  and  wear  properties  of  alkylthiol  and  biphenylthiol  SAMs  on  Au 
(111)  films.  They  explained  the  friction  mechanisms  using  a  molecular  spring 
model  in  which  local  stiffness  and  intermolecular  forces  govern  the  friction  proper- 
ties. They  studied  the  influence  of  relative  humidity,  temperature,  and  velocity  on 
adhesion  and  friction.  They  also  investigated  the  wear  mechanisms  of  SAMs  by 
a  continuous  microscratch  AFM  technique. 

Fluorinated  carbon  (fluorocarbon)  molecules  are  known  to  have  low  surface 
energy  and  are  commonly  used  for  lubrication  [14,  15].  Bhushan  and  Cichomski 
[73]  deposited  fluorosilane  SAMs  on  polydimethylsiloxane  (PDMS).  To  make 
a  hydrophobic  PDMS  surface  chemically  active,  PDMS  surface  was  oxygenated 
using  an  oxygen  plasma,  which  introduces  silanol  groups  (SiOH).  They  reported 
that  SAM-coated  PDMS  was  more  hydrophobic,  with  lower  adhesion,  friction,  and 
wear.  Bhushan  et  al.  [59,  60],  Kasai  et  al.  [61],  Lee  et  al.  [62],  Tambe  and  Bhushan 
[52],  and  Tao  and  Bhushan  [64]  studied  the  adhesion,  friction,  and  wear  of  methyl- 
and/or  perfiuoro-terminated  alkylsilanes  on  silicon.  They  reported  that  perfiuor- 
oalkylsilane  SAMs  exhibited  lower  surface  energy,  higher  contact  angle,  lower 
adhesive  force,  and  lower  wear  as  compared  with  alkylsilanes.  Kasai  et  al.  [61]  also 
reported  the  influence  of  relative  humidity,  temperature,  and  velocity  on  adhesion 
and  friction.  Tao  and  Bhushan  [63]  studied  degradation  mechanisms  of  alkylsilanes 
and  perfiuoroalkylsilane  SAMs  on  Si.  They  reported  that  oxygen  in  the  air  causes 
thermal  oxidation  of  SAMs. 

Tambe  and  Bhushan  [52],  Bhushan  et  al.  [53],  Hoque  et  al.  [54,  55],  and  DeRose 
et  al.  [57]  studied  the  nanotribological  properties  of  methyl-  and  perfiuoro-terminated 
alkylphosphonate,  perfiuorodecyldimefhylchlorosilane,  and  perfluorodecanoic  acid 
on  aluminum,  of  industrial  interest.  Hoque  et  al.  [56]  and  DeRose  et  al.  [57]  studied 
the  nanotribological  properties  of  alkylsilanes  and  perfluroalkylsilanes  on  alumi- 
num. Hoque  et  al.  [65-67]  studied  the  nanotribological  properties  of  alkylpho- 
sphonate and  perfiuoroalkylsilane  SAMs  on  copper.  The  authors  found  that  these 
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SAMs  on  aluminum  and  copper  perform  well  irrespective  of  the  substrate  used. 
They  confirmed  the  presence  of  respective  films  using  x-ray  photoelectron  spec- 
troscopy (XPS). 

Hoque  et  al.  [65-67]  studied  the  chemical  stability  of  various  SAMs  deposited 
on  Cu  substrates  via  exposure  to  various  corrosive  conditions.  DeRose  et  al.  [57] 
studied  the  chemical  stability  of  various  SAMs  deposited  on  Al  substrates  via 
exposure  to  corrosive  conditions  (aqueous  nitric  acid  solutions  of  low  pH  of  1.8 
at  temperatures  ranging  from  60°C  to  80°C  for  times  ranging  from  30  to  70  min). 
The  exposed  samples  were  characterized  by  XPS  and  contact  angle  measurements. 
They  reported  that  perfluorodecanoic  acid/Al  is  less  stable  than  perfluorodecylpho- 
sphonate/Al  and  octadecylphosphonate/Al,  but  more  stable  than  perfluorodecyldi- 
methylchlorosilane/Al,  which  has  implications  in  DMD  applications,  discussed 
earlier.  In  general,  chemical  stability  data  of  various  SAMs  deposited  on  Cu  and 
Al  surfaces  to  corrosive  environments  has  been  reported  by  these  authors.  Based  on 
these  studies,  it  was  concluded  that  chemisorption  occurs  at  the  interface  and  is 
responsible  for  strong  interfacial  bonds. 

To  date,  the  contact  angle  and  nanotribological  properties  of  alkanethiol,  biphe- 
nylthiol,  alkylsilane,  perfiuoroalkylsilane,  alkylphosphonate,  and  perfluoroalkyl- 
phosphane  SAMs  have  been  widely  studied.  In  this  chapter,  we  review  in  some 
detail  the  nanotribological  properties  of  various  SAMs  having  alkyl  and  biphenyl 
spacer  chains  with  different  surface  terminal  groups  (-CH3  and  -CF3)  and  head 
groups  (-S-H,  -Si-O-,  -OH,  and  P-0-)  which  have  been  investigated  by  AFM 
at  various  operating  conditions  (Fig.  18.8a,b)  [52,  53,  59,  61,  63,  79-81,  92]. 
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Fig.  18.8  Schematics  of  the  structures  of  (a)  hexadecane  and  biphenyl  thiol  SAMs  on  Au(l  1 1) 
substrates,  and  (b)  perfiuoroalkylsilane  and  alkylsilane  SAMs  on  Si  with  native  oxide  substrates, 
and  perfluoroalkylphosphonate  and  alkylphosphonate  SAMs  on  Al  with  native  oxide 
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Hexadecane  thiol  (HDT),  l,l'-biphenyl-4-thiol  (BPT),  and  cross-linked  BPT 
(BPTC)  were  deposited  on  Au(lll)  films  on  Si(lll)  substrates  by  immersing  the 
substrate  in  a  solution  containing  the  precursor  (ligand)  that  is  reactive  to  the 
substrate  surface.  Cross-linked  BPTC  was  produced  by  irradiation  of  BPT  mono- 
layers with  low-energy  electrons.  Perfluoroalkylsilane  and  alkylsilane  SAMs 
were  deposited  on  Si(100)  by  exposing  the  substrate  to  the  vapor  of  the  reactive 
chemical  precursors.  Perfluoroalkylphosphonate  and  alkylphosphonate  SAMs  were 
deposited  on  sputtered  Al  film  on  Si  substrate  as  well  as  bulk  Al  substrates. 
Representative  data  follow. 


18.4.1     Measurement  Techniques 

Experimental  techniques  used  for  measurement  of  the  static  contact  angle,  surface 
energy,  adhesion,  friction,  and  wear  are  described  next. 


Static  Contact  Angle  and  Surface  Energy  Measurements  Using  DI  Water 

The  static  contact  angle,  a  measure  of  water-repellent  property,  was  measured  using 
a  Rame-Hart  model  100  contact  angle  goniometer  (Mountain  Lakes,  NJ)  [93,  94], 
Typically,  10  ul  droplets  of  DI  water  were  used  for  making  contact  angle  measure- 
ments. At  least  two  measurements  of  the  contact  angle  were  made  and  were  found 
to  be  reproducible  within  ±2°.  The  critical  surface  tension,  a  measure  of  interfacial 
surface  energy,  was  obtained  from  the  so-called  Zisman  plot.  Contact  angles  of 
SAMs  with  liquids  with  a  range  of  surface  tensions  were  measured.  The  cosines 
of  the  contact  angles  were  plotted  as  a  function  of  surface  tension  of  the  various 
M-alkane  liquids  (hexadecane,  dodecane,  undecane,  and  decane)  used.  The  plot  is 
linear  for  low-polarizable  SAMs.  The  horizontal  intercept  of  the  line  passing 
through  cos  (contact  angle)  =  1  provides  the  critical  surface  tension,  which  is 
a  measure  of  the  surface  energy  of  the  SAM  [59]. 


AFM  Adhesion  and  Friction  Measurements 

The  adhesion  and  friction  tests  were  conducted  using  a  commercial  AFM  system. 
Square-pyramidal  Si3N4  tips  with  a  30-50  nm  tip  radius  on  gold  back-coated 
triangular  Si3N4  cantilevers  with  a  typical  spring  constant  of  0.58  N/m  were  used. 
Adhesion  can  be  calculated  using  either  force  calibration  plots  or  from  the  negative 
intercepts  on  plots  of  friction  force  versus  normal  loads.  Both  methods  generally 
yield  similar  results.  The  force  calibration  plot  technique  was  used  in  this  study. 
The  coefficient  of  friction  was  obtained  from  the  slope  of  plots  of  friction  force 
versus  normal  load.  Normal  loads  typically  ranged  from  5  to  100  nN.  Friction 
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force  measurements  were  generally  performed  at  a  scan  rate  of  1  Hz  along  the  fast 
scan  axis  and  over  a  scan  size  of  2  x  2  urn2.  The  fast  scan  axis  was  perpendicular 
to  the  longitudinal  direction  of  the  cantilever.  The  friction  force  was  calibrated  by 
the  method  described  in  [4,  6]. 


AFM  Wear  Measurements 

Wear  tests  were  conducted  using  a  diamond  tip  with  a  nominal  radius  of  50  nm  and 
nominal  cantilever  stiffness  of  10  N/m.  Wear  tests  were  performed  on  a  lxl  urn 
scan  area  at  the  desired  normal  load  and  at  a  scan  rate  of  1  Hz.  After  each  wear  test, 
a  3  x  3  um2  area  was  imaged,  and  the  average  wear  depth  was  calculated. 


Effect  of  Relative  Humidity,  Temperature,  and  Sliding  Velocity 

The  influence  of  relative  humidity  on  adhesive  force,  friction  force,  and  wear  was 
studied  in  an  environmentally  controlled  chamber.  Relative  humidity  was  con- 
trolled by  introducing  a  mixture  of  dry  and  moist  air  inside  the  chamber.  The 
temperature  was  maintained  at  22  ±1°C.  The  sample  was  kept  in  the  environmental 
chamber  at  desired  humidity  for  at  least  2  h  prior  to  the  tests  so  that  the  system 
could  reach  equilibrium  condition. 

In  order  to  study  the  effect  of  temperature  on  adhesion  and  friction  force,  the 
samples  were  placed  on  a  thermal  stage  during  the  measurements.  A  glass  plate  was 
placed  under  the  thermal  stage  to  prevent  heat  from  being  transported  away.  The 
temperature  range  studied  was  from  20°C  to  110°C.  The  relative  humidity  was 
maintained  at  50  ±5%  during  the  temperature  effect  measurements. 

The  effect  of  sliding  velocity  on  friction  force  was  monitored  in  ambient 
conditions  using  a  high-velocity  piezoelectric  stage  designed  for  achieving  high 
relative  sliding  velocities  on  a  commercial  AFM  setup  [95].  The  traveling  distance 
of  the  sample,  i.e.,  the  scan  size,  was  set  at  25  urn,  while  the  scan  frequency  was 
varied  between  0.1  Hz  (5  um/s)  and  100  Hz  (5000  um/s). 


Chemical  Degradation  and  Environmental  Studies 

The  chemical  degradation  experiments  were  carried  out  in  a  high-vacuum  tribotest 
apparatus  [96,  97].  The  system  was  equipped  with  a  mass  spectrometer  so  that 
gaseous  emissions  from  the  interface  could  be  monitored  in  situ  during  the  sliding 
in  high  vacuum  and  other  controlled  environments.  The  normal  loads  and  friction 
forces  at  the  contacting  interface  were  measured  using  resistive-type  strain- 
gage  transducers.  For  the  sliding  tests,  the  coated  flat  sample  was  glued  onto 
a  flat  surface  at  the  end  of  a  rotating  shaft.  The  sample  was  slid  against  a  Si(100) 
wafer  mounted  on  the  flat  surface  of  a  slider  integrated  with  a  flexible  cantilever 
used  in  magnetic  rigid  disk  drives.  The  sliding  speed  used  was  0.3  m/s,  and  the 
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applied  pressure  was  50  kPa.  The  environmental  effects  were  investigated  in  high 
vacuum  (2  x  10~7  Torr),  argon,  di 
and  high-humidity  air  (70%  RH). 


vacuum  (2  x  10  7  Torr),  argon,  dry  air  (less  than  2%  RH),  ambient  air  (30%  RH) 


18.4.2    Hexadecane  Thiol  and  Biphenyl  Thiol  SAMs  on  Au(lll) 

Hexadecane  thiol  on  Au(lll)  film  was  selected  as  it  is  a  widely  studied  film. 
Biphenyl  thiol  was  selected  to  study  the  effect  of  rigidity  on  nanotribological  per- 
formance. Biphenyl  thiol  film  was  cross-linked  to  further  increase  its  stiffness. 


Surface  Roughness,  Adhesion,  and  Friction 

Surface  height  and  friction  force  images  of  SAMs  were  recorded  simultaneously  on 
an  area  of  1  x  1  um  by  an  AFM,  and  adhesive  forces  were  measured  by  using  the 
force  calibration  mode  in  an  AFM  [79]. 

For  further  analysis,  presented  later  in  this  chapter,  the  measured  roughness, 
thickness,  tilt  angles,  and  spacer  chain  lengths  of  Si(lll),  Au(lll),  and  various 
SAMs  are  listed  in  Table  18.10  [79].  The  roughness  of  BPT  is  very  close  to  that  of 
Au(l  1 1),  but  the  roughness  of  BPTC  is  lower  than  that  of  Au(l  1 1)  and  BPT;  this  is 
caused  by  electron  irradiation.  Table  18.10  indicates  that  the  roughness  value  of 
HDT  is  much  higher  than  the  substrate  roughness  for  Au(lll).  This  is  caused  by 
local  aggregation  of  organic  compounds  on  the  substrates  during  SAMs  deposition. 
Table  18.10  also  indicates  that  the  thickness  of  biphenyl  thiol  SAMs  are  generally 
smaller  than  the  alkylthiol,  because  of  the  shorter  spacer  chains  in  biphenyl  thiol. 

The  average  values  and  standard  deviation  of  the  adhesive  force  and  coefficient 
of  friction  are  presented  in  Fig.  18.9  [79].  Based  on  the  data,  the  adhesive  force  and 
coefficient  of  friction  of  SAMs  are  less  than  those  of  their  corresponding  substrates. 
Among  various  films,  HDT  exhibits  the  lowest  values.  The  ranking  of  adhesive 


Table  18.10    The  Ra  roughness,  thickness,  tilt  angles,  and  spacer  chain  lengths  of  SAMs 
Samples       Ra  roughness"  (nm)       Thickness '  (nm)       Tilt  angle    (deg)       Spacer  length'  (nm) 


Si(lll) 

0.07 

Au(lll) 

0.37 

HDT 

0.92 

BPT 

0.36 

BPTC 

0.14 

1.89 

30 

1.91 

1.25 

15 

0.89 

1.14 

25 

0.89 

"Measured  by  an  AFM  with  1  x  1  urn2  scan  size,  using  Si3N4  tip  under  3.3  nN  normal  load 
The  thickness  and  tilt  angles  of  BPT  and  BPTC  are  reported  by  Geyer  et  al.  [78].  The  thickness 
and  tilt  angles  of  HDT  are  reported  by  Ulman  [29] 

cThe  spacer  chain  lengths  of  alkylthiols  were  calculated  by  the  method  reported  by  Miura  et  al. 
[98].  The  spacer  chain  lengths  of  biphenyl  thiols  were  calculated  by  the  data  reported  by 
Ratajczak-Sitarz  et  al.  [99] 
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Fig.  18.9  Adhesive  forces 
and  coefficients  of  friction 
of  Au(  111)  and  various  SAMs 
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forces  Fa  is  in  the  following  order:  fa-Au  >  ^h-bpt  >  ^h-bptc  >  Pa-HDT.  and  the 
ranking  of  the  coefficients  of  friction  fi  is  in  the  following  order:  /iAu  >  /.(bptc  > 
A*bpt  >  i^hdt-  The  ranking  of  various  SAMs  for  adhesive  force  and  coefficient  of 
friction  are  similar.  This  suggests  that  alkylthiol  and  biphenyl  thiol  SAMs  can  be 
used  as  effective  molecular  lubricants  for  micro-/nanodevices. 

In  micro-/nanoscale  contact,  liquid  capillary  condensation  is  one  of  the  sources 
of  adhesion  and  friction.  In  the  case  of  a  sphere  in  contact  with  a  flat  surface,  the 
attractive  Laplace  force  caused  by  water  capillary  forces  is  [14,  15] 


Fh  =  2n  Ry  la(cos  B\  +  cos  62), 


(18.1) 


where  R  is  the  radius  of  the  sphere,  y^  is  the  surface  tension  of  the  liquid  against  air, 
and  0]  and  02  are  the  contact  angles  between  liquid  and  flat  and  spherical  surfaces, 
respectively.  In  an  AFM  adhesive  study,  the  tip— flat  sample  contact  is  just  like 
a  sphere  in  contact  with  a  flat  surface,  and  the  liquid  is  water.  Since  a  single  tip 
was  used  in  the  adhesion  measurements,  cos  02  can  be  treated  as  a  constant. 
Therefore, 


FL  =  2nRyla(l  +  cos0:)  -  2nRyVd(l  -  cosd2) 
=  2nRyu{l  +cos»i)  -  C, 


(18.2) 


where  C  is  a  constant. 


428 


B.  Bhushan 


Fig.  18.10    (a)  The  static 
contact  angle,  and  (b)  work 
of  adhesion  of  Au(  111)  and 
various  SAMs.  All  of 
the  points  in  this  figure 
represent  the  mean  of  six 
measurements.  The 
uncertainty  associated  with 
the  average  contact  angle  is 
within  ±2° 


3  Contact  angle  (deg) 

100 


80 
60 
40 
20 

0 

I 

120 
100 
80 
60 
40 
20 
0 


W2  (mj/m2) 


Au 


HDT 


BPT 


BPTC 

Materials 


Based  on  the  following  Young-Dupre  equation,  the  work  of  adhesion  Wa  (the 
work  required  to  pull  apart  a  unit  area  of  solid-liquid  interface)  can  be  written  as  [  1 2] 


Wa  =  7l,(H-COS0i). 


(18.3) 


It  indicates  that  Wa  is  determined  by  the  contact  angle  of  SAMs,  i.e.,  is  influenced 
by  the  surface  chemistry  properties  (polarization  and  hydrophobicity)  of  SAMs.  By 
substituting  (18.3)  into  (18.2),  FL  can  be  expressed  as 


FL  =  InRWa  -  C. 


(18.4) 


When  the  influence  of  other  factors,  such  as  the  van  der  Waals  force,  on  the 
adhesive  force  are  very  small,  the  adhesive  force  Fa  as  FL.  Thus  the  adhesive  force 
F&  should  be  proportional  to  the  work  of  adhesion  Wa. 

Contact  angle  is  a  measure  of  the  wettability  of  a  solid  by  a  liquid  and  determines 
the  Wa  value  [93,  94].  The  static  contact  angles  of  distilled  water  on  Au(lll)  and 
SAMs  were  measured  and  are  summarized  in  Fig.  18.10a  [79].  For  water,  yia  = 
72.6  mJ/m  at  22°C,  and  by  using  (18.3),  the  Wa  data  are  obtained  and  presented 
in  Fig.  18.10b.  The  Wa  can  be  ranked  in  the  following  order:  Wa-Au  (97.1)  > 
Wa-BPT  (86.8)  >  VKa_BPTC  (82.1)  >  WVhdt  (61 .4).  Except  Wa_Au,  this  order  exactly 
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Fig.  18.11    Relationship 
between  the  adhesive  force 
and  work  of  adhesion  of 
different  specimens 
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matches  the  order  of  adhesion  force  in  Fig.  18.9.  The  relationship  between  Fa  and 
Wa  is  summarized  in  Fig.  18.11  [79].  This  indicates  that  the  adhesive  force  Fa  (nN) 
increases  with  the  work  of  adhesion  Wa  (mJ/m2)  according  to  the  following  linear 
relationship 


Fa  =  0.57Wa  -  22. 


(18.5) 


These  experimental  results  agree  well  with  the  modeling  prediction  presented 
earlier  (18.4).  This  proves  that,  on  the  nanoscale  at  ambient  conditions,  the  adhesive 
force  of  SAMs  is  mainly  influenced  by  the  water  capillary  force.  Though  neither 
HDT  nor  BPT  has  polar  surface  groups,  the  surface  terminal  of  HDT  has  a 
symmetrical  structure,  which  causes  a  smaller  electrostatic  attractive  force  and 
yields  a  smaller  adhesive  force  than  BPT.  It  is  believed  that  the  easy  attachment 
of  Au  onto  the  tip  should  be  one  of  the  reasons  that  causes  the  large  adhesive  force, 
which  does  not  fit  the  linear  relationship  described  by  (18.5). 


Stiffness,  Molecular  Spring  Model,  and  Micropatterned  SAMs 


Next  the  friction  mechanisms  of  SAMs  were  examined.  Monte  Carlo  simulation  of 
the  mechanical  relaxation  of  CF^CH^isSH  self-assembled  monolayer  performed 
by  Siepman  and  McDonald  [100]  indicated  that  SAMs  compress  and  respond 
nearly  elastically  to  microindentation  by  an  AFM  tip  when  the  load  was  below  a 
critical  normal  load.  Compression  can  lead  to  major  changes  in  the  mean  molecular 
tilt  (i.e.,  orientation),  but  the  original  structure  is  recovered  as  the  normal  load  is 
removed.  Garcia-Parajo  et  al.  [101]  also  reported  compression  and  relaxation  of 
octadecyltrichlorosilane  (OTS)  film  during  loading  and  unloading. 

To  study  the  difference  in  the  stiffness  of  various  films,  the  stiffness  properties 
were  measured  by  an  AFM  in  force  modulation  mode  [4,  6,  81].  It  was  reported  that 
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Fig.  18.12    Normal  load 
versus  displacement  curves  of 
Au(l  11)  and  various  SAMs 
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Fig.  18.13  Molecular  spring  model  of  a  SAM.  In  this  figure,  a.y  <  a2,  which  is  caused  by  the 
orientation  under  the  normal  load  applied  by  the  AFM  tip.  The  orientation  of  the  molecular  springs 
reduces  the  shearing  force  at  the  interface,  which  in  turn  reduces  the  friction  force.  The  molecular 
spring  constant  as  well  as  the  intermolecular  forces  can  determine  the  magnitude  of  the  coefficient 
of  friction  of  the  SAM.  In  this  figure,  the  size  of  the  tip  and  molecular  springs  are  not  to  exact  scale 
(after  [79]) 


BPT  was  stiffer  than  HDT.  Since  BPT  has  a  rigid  benzene  structure,  it  is  more 
difficult  to  compress  than  HDT.  Figure  18.12  shows  the  variation  of  the  displace- 
ment with  normal  load  in  indentation  mode,  clearly  indicating  that  SAMs  can  be 
compressed.  At  a  given  normal  load,  SAMs  with  long  carbon  chain  structure  such 
as  HDT  are  easy  to  compress  as  compared  with  SAMs  with  rigid  benzene  ring 
structure  such  as  BPT,  which  implies  that  BPT  is  more  rigid  than  HDT. 

In  order  to  explain  the  frictional  difference  of  SAMs,  based  on  the  friction  and 
stiffness  measurements  by  AFM  and  the  Monte  Carlo  simulation,  a  molecular 
spring  model  is  presented  in  Fig.  18.13.  It  is  believed  that  the  self-assembled 
molecules  on  a  substrate  are  just  like  assembled  molecular  springs  anchored  to 
the  substrates  [79].  An  AFM  tip  sliding  on  the  surface  of  SAMs  is  like  a  tip  sliding 
on  the  top  of  molecular  springs  or  brush.  The  molecular  spring  assembly  has 
compliant  features  and  can  experience  compression  and  orientation  under  normal 
load.  The  orientation  of  the  molecular  springs  or  brush  reduces  the  shearing  force  at 
the  interface,  which  in  turn  reduces  the  friction  force.  The  possibility  of  orientation 
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is  determined  by  the  spring  constant  of  a  single  molecule  (local  stiffness),  as  well  as 
the  interaction  between  neighboring  molecules,  which  can  be  reflected  by  the 
packing  density  or  packing  energy.  It  should  be  noted  that  the  orientation  can 
lead  to  conformational  defects  along  the  molecular  chains,  which  leads  to  energy 
dissipation.  In  the  study  of  BPT  by  AFM,  it  was  found  that,  after  the  first  several 
scans,  the  friction  force  is  significantly  reduced,  but  the  surface  height  does  not 
show  any  apparent  change.  This  suggests  that  molecular  orientation  can  be  facili- 
tated by  initial  sliding  and  is  reversible  [92] . 

Based  on  the  stiffness  measurements  obtained  using  Fig.  18.12  and  the  view  of 
the  molecular  structure  in  Fig.  18.13,  biphenyl  is  a  more  rigid  structure  due  to  the 
contribution  of  two  rigid  benzene  rings.  Therefore  the  spring  constant  of  BPT  is 
larger  than  that  of  HDT.  The  hydrogen  (H+)  in  a  biphenyl  chain  has  an  electrostatic 
attractive  force  with  the  %  electrons  in  the  neighboring  benzene  ring.  Thus  the 
intermolecular  force  between  biphenyl  chains  is  stronger  than  that  for  alkyl  chains. 
The  larger  spring  constant  of  BPT  and  stronger  intermolecular  force  require  a  larger 
external  force  to  allow  it  to  orient,  thus  causing  a  higher  coefficient  of  friction.  The 
cross-linking  of  BPT  leads  to  a  larger  packing  energy  for  BPTC.  Therefore  it 
requires  a  larger  external  force  to  allow  BPTC  orientation;  i.e.,  the  coefficient  of 
BPTC  is  higher  than  BPT. 

An  elegant  way  to  demonstrate  the  influence  of  molecular  stiffness  on  friction  is 
to  investigate  SAMs  with  different  structures  on  the  same  wafer.  For  this  purpose, 
a  micropatterned  SAM  was  prepared.  First  biphenyldimethylchlorosilane  (BDCS) 
was  deposited  on  silicon  by  a  typical  self-assembly  method  [81].  Then  the  film  was 
partially  cross-linked  using  a  mask  technique  by  low-energy  electron  irradiation. 
Finally  the  micropatterned  BDCS  films  were  realized,  which  had  the  as-deposited 
and  cross-linked  coating  regions  on  the  same  wafer.  The  local  stiffness  properties 
of  these  micropatterned  samples  were  investigated  by  force-modulation  AFM  tech- 
nique [102].  The  variation  in  the  deflection  amplitude  provides  a  measure  of  the 
relative  local  stiffness  of  the  surface.  Surface  height,  stiffness,  and  friction  images 
of  the  micropatterned  biphenyldimethylchlorosilane  (BDCS)  specimen  were  obtai- 
ned and  are  presented  in  Fig.  18.14  [81].  The  circular  areas  correspond  to  the 
as-deposited  film  and  the  remaining  area  to  the  cross-linked  film.  Figure  18.14a 
indicates  that  cross-linking  caused  by  the  low-energy  electron  irradiation  leads  to 
about  a  0.5  nm  decrease  of  the  surface  height  of  BDCS  films.  The  corresponding 
stiffness  images  indicate  that  the  cross-linked  area  has  a  higher  stiffness  than  the  as- 
deposited  area.  Figure  18.14b  indicates  that  the  as-deposited  area  (area  with  higher 
surface  height)  has  a  lower  friction  force.  Obviously,  these  data  from  the  micro- 
patterned  sample  prove  that  the  local  stiffness  of  SAMs  has  an  influence  on  their 
friction  performance;  higher  stiffness  leads  to  larger  friction  force.  These  results 
provide  strong  proof  of  the  suggested  molecular  spring  model. 

In  summary,  it  is  found  that  SAMs  exhibit  compliance  and  can  experience 
compression  and  orientation  under  normal  load.  The  orientation  of  SAMs  reduces 
the  shear  stress  at  the  interface;  therefore  SAMs  can  serve  as  good  lubricants. 
The  molecular  spring  constant  (local  stiffness),  as  well  as  the  intermolecular  forces, 
can  influence  the  magnitude  of  the  coefficients  of  friction  of  SAMs. 
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Fig.  18.14   (a)  AFM 

grayscale  surface  height 
and  stiffness  images,  and 
(b)  AFM  grayscale  surface 
height  and  friction  force 
images  of  micropatterned 
BDCS  (after  [81]) 
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Wear  and  Scratch  Resistance 


Wear  resistance  was  studied  on  an  area  of  1  x  1  urn  .  The  variation  of  wear  depth 
with  normal  loads  is  presented  in  Fig.  18.15  [79].  HDT  exhibits  the  best  wear 
resistance.  For  all  of  the  tested  SAMs,  in  the  curves  of  wear  depth  as  a  function  of 
normal  load,  there  appears  a  critical  normal  load,  marked  by  arrows  in  Fig.  18.15. 
When  the  normal  load  is  smaller  than  this  critical  normal  load,  the  monolayer 
shows  only  a  slight  height  change  in  the  scan  areas.  When  the  normal  load  is  higher 
than  this  critical  value,  the  height  change  of  the  SAM  increases  dramatically. 
Relocation  and  accumulation  of  BPT  molecules  have  been  observed  during  the 
initial  several  scans,  which  lead  to  the  formation  of  a  larger  terrace.  Wear  studies  of 
a  single  BPT  terrace  indicate  that  the  wear  life  of  BPT  increases  exponentially 
with  terrace  size  [80,  81]. 

Scratch  resistance  of  Au(lll)  and  SAMs  were  studied  by  a  continuous  AFM 
microscratch  technique.  Figure  18.16a  shows  coefficient  of  friction  profiles  as 
a  function  of  increasing  normal  load,  and  corresponding  tapping-mode  AFM  surface 
height  images  of  the  scratches  captured  on  Au(l  1 1)  and  SAMs  [81].  Figure  18.16a 
indicates  that  there  is  an  abrupt  increase  in  the  coefficient  of  friction  for  all  of  the 
tested  samples.  The  normal  load  associated  with  this  event  is  termed  the  critical  load 
(indicated  by  the  arrows  labeled  A).  At  the  initial  stages  of  the  scratch,  all  the 
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Fig.  18.15  Wear  depth  as 
a  function  of  normal  load 
after  one  scan  cycle 
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samples  exhibit  a  low  coefficient  of  friction,  indicating  that  the  friction  force  is 
dominated  by  the  shear  component.  This  is  in  agreement  with  analysis  of  the  AFM 
images,  which  shows  negligible  damage  on  the  surfaces  prior  to  the  critical  load.  At 
the  critical  load,  a  clear  groove  is  formed,  which  is  accompanied  by  the  formation  of 
material  pileup  at  the  sides  of  the  scratch.  This  suggests  that  the  initial  damage  that 
occurs  at  the  critical  load  is  due  to  plowing  associated  with  plastic  deformation,  and 
this  causes  the  sharp  rise  in  the  coefficient  of  friction.  Beyond  the  critical  load,  debris 
can  be  seen  in  addition  to  material  pileup  at  the  sides  of  the  scratch.  Figure  18.16b 
summarizes  the  critical  loads  for  the  various  samples  obtained  in  this  study.  It  clearly 
indicates  that  all  SAMs  can  increase  the  critical  load  of  the  corresponding  substrate. 
The  mechanisms  responsible  for  a  sudden  drop  in  decrease  in  surface  height  with 
an  increase  in  load  during  wear  and  scratch  test  need  to  be  understood.  Barrena  et  al. 
[103]  observed  that  the  height  of  self-assembled  alkylsilanes  decreases  in  discrete 
amounts  with  normal  load.  This  step-like  behavior  is  due  to  the  discrete  molecular 
tilts,  which  are  dictated  by  the  geometrical  requirements  of  the  close  packing  of 
molecules.  Only  certain  angles  are  allowed  due  to  the  zigzag  arrangement  of  the  C 
atoms.  The  relative  height  of  the  monolayer  under  pressure  can  be  calculated  by  the 
following  equation 


~d 


-1/2 


(18.6) 


where  L  is  the  total  length  of  the  molecule,  h  is  the  height  of  the  SAMs  in  the  tilt 
configuration  (monolayer  thickness),  a  is  the  distance  between  alternate  C  atoms  in 
the  molecule,  d  is  the  separation  of  the  molecules,  and  n  is  the  step  number.  Values 
of  a  of  0.25  nm  and  d  of  0.47  nm  are  used  in  the  calculation  for  HDT.  The 
calculated  and  measured  relative  heights  of  HDT  are  listed  in  Table  18.11.  When 
the  normal  loads  are  smaller  than  the  critical  values  in  Fig.  18.15,  the  measured 
relative  height  values  of  HDT  are  very  close  to  the  calculated  values.  This  means 
that  HDT  underwent  step  tilting  below  critical  normal  loads. 
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Fig.  18.16    (a)  Coefficient 
of  friction  profiles  during 
scratch  as  a  function  of 
normal  load  and 
corresponding  AFM  surface 
height  images,  (b)  Critical 
loads  estimated  from  the 
coefficient  of  friction 
profile  and  AFM  images 
for  Au  (1 1 1),  HDT/Au(l  1 1), 
and  BPT/Au(lll)  (after  [81]) 
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The  residual  SAM  thickness  after  wear  under  critical  normal  load  was  measured 
by  profiling  the  worn  film  using  AFM.  The  results  are  listed  in  Table  18.12.  For  an 
alkanethiol  monolayer,  the  relationship  between  the  monolayer  thickness  h  and 
intercept  length  L0  can  be  expressed  as  (Fig.  18.17) 
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Table  18.11  Calculated  [1  +  (na/d)2]~1/2  and  measured  Qi/L)  relative  heights 

of  HDT  self-assembled  monolayer  (after  [79]) 

Steps  (n)  Calculated"  [1  +  (na/d)2]'"2  Measured  (h/L) 

1  0.883  - 

2  0.685  0.674'' 

3  0.531  0.532' 

4  0.425  0.4  16d 

5  0.352  0.354" 

6 0.299 - 

"Calculations  are  based  on  the  assumption  that  the  molecules  tilt  in  discrete  steps 
(«)  upon  compression  with  a  diamond  AFM  tip  [103] 

b^These  measured  values  correspond  to  the  normal  loads  of  0.50,  1.57,  2.53,  and 
4.03  pN,  respectively 


Table 

18.12 

Calculated  L0  and  measu 

'ed  residual  film  thickness  for  SAMs 

under 

;ritical  load 

L0"  (run) 

Residual  thickness    (nm) 

HDT 

0.24 

0.25 

BPT 

0.39 

0.42 

BPTC 

0.33 

0.38 

"Calculated  by  the  equation:  h  —  b  cos  (a)n  +  La  [98] 
bMeasured  by  AFM  using  s 
mean  values  of  three  tests 


bMeasured  by  AFM  using  a  diamond  tip  under  critical  normal  load.  The  data  are 


Fig.  18.17    Illustration  of  the 
relationship  between  the 
components  of  the  equation 

h  =  b  cos  (a)n  +  L0 
(after  [79]) 


h  =  bcos(a)n  +  Lo,  (18.7) 

where  b  is  the  length  of  the  projection  of  the  C-C  bond  onto  the  main  chain  axis 
(b  =0.127  nm  for  alkanethiol),  n  is  the  chain  length  defined  by  CH3(CH2)„SH,  and 
a  is  the  tilt  angle  [98].  For  BPT  and  BPTC,  based  on  the  same  principle,  and  using 
the  bond  lengths  reported  in  [99],  the  L0  values  are  also  calculated  (Table  18.12). 
The  results  indicate  that  the  measured  residual  thickness  values  of  SAMs  under 
critical  load  are  very  close  to  the  calculated  intercept  length  L0  values.  This  means 
that,  under  the  critical  normal  load,  the  Si3N4  tip  approaches  the  interface,  and 
SAMs  wear  away  from  the  substrate  severely.  This  is  due  to  the  interface  chemical 
adsorption  bond  strength  (S-Au)  being  generally  smaller  than  the  other  chemical 
bond  strengths  in  SAMs  spacer  chains  (Table  18.14,  to  be  introduced  later). 
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Fig.  18.18    Illustration  of  the 
wear  mechanisms  of  SAMs 
with  increasing  normal  load 
(after  [81]) 
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According  to  the  wear  and  scratch  results  reported  here  and  the  above  discus- 
sion, the  transition  of  the  wear  mechanisms  of  SAMs  with  increasing  normal  load 
is  illustrated  in  Fig.  18.18.  Below  the  critical  normal  load  SAMs  undergo  step 
orientation;  at  the  critical  load  SAMs  wear  away  from  the  substrate  due  to  the  weak 
interface  bond  strengths;  while  above  the  critical  normal  load  severe  wear  take 
place  on  the  substrate.  In  order  to  improve  wear  resistance,  the  interface  bond  must 
be  enhanced;  a  rigid  spacer  chain  and  a  hard  substrate  are  also  preferred. 


18.4.3  Perfluoroalkylsilane  and  Alkylsilane  SAMs  on  Si(100) 
and  Perfluoroalkylphosphonate  and  Alkylphosphonate 
SAMS  on  Al 


Perfluorodecy ltricholorosilane  (PFTS ) 

CF3  -  (CF2)7  -  (CH2)2  -  SiCl3, 
«-octyldimethyl(dimethylamino)silane  (ODMS) 

CH3  -  (CH2)„  -  Si(CH3)2  -  N(CH3)2     (»  =  7), 

and  /7-octadecyldimethyl(dimethylamino)silane  (n  =  17)  (ODDMS)  vapor  depo- 
sited on  Si(100)  substrate  and  perfluorodecylphosphonate  (PFDP) 

0 
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II 
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decylphosphonate  (DP) 


CH3-(CH2)„ 


0 

I 
■P-OH 

II 
O 


(n  =  9) , 


and  octadecylphosphonate  (ODP)  (77  =  17)  by  liquid  deposition  on  sputtered  Al 
film  on  Si  substrate  were  selected.  Perfluoro-SAMs  were  selected  because  fluori- 
nated  films  are  known  to  have  low  surface  energy.  Two  chain  lengths  of  alkylsi- 
lanes  (with  8  and  18  C  atoms)  were  selected  to  compare  their  nanotribological 
performance  with  that  of  the  former  as  well  as  to  study  the  effect  of  chain  length. 
Al  substrate  was  selected  because  of  the  application  of  Al  micromirrors  in  digital 
projection  displays.  Perfluoroalkylphosphane  (with  10  C  atoms)  and  alkylphos- 
phonate  SAMs  (with  10  and  18  C  atoms)  on  Al  were  selected. 


18.4.3.1     Static  Contact  Angle  and  Surface  Free  Energy  Measurements 

Static  contact  angles  and  surface  energy  were  measured  as  a  measure  of  hydro- 
phobicity.  Figure  18.19  shows  a  Zisman  plot  for  SAMs  deposited  on  Si  and  their 
surface  energy  values  using  various  liquid  alkanes  [59].  Critical  surface  tension, 
a  measure  of  surface  energy  values  for  the  two  SAMs,  are  presented  in  the  figure. 
Zisman  analysis  for  the  Si  substrate  was  not  available  because  the  liquid  alkanes 
used  for  the  measurement  instantly  spread  on  these  surfaces.  For  PFTS,  significant 
reduction  in  the  critical  surface  tension  or  surface  energy  was  observed  (12.9  mN/m 
for  PFTS/Si)  as  compared  with  ODMS  (24.7  mN/m  for  ODMS/Si)  and  ODDMS 
(23.9  mN/m  for  ODDMS/Si).  The  surface  energy  for  ODMS  and  ODDMS  was 
comparable.  This  suggests  that  the  surface  was  comparably  covered  by  the  SAMs 
without  bare  substrate  appearing. 

For  comparison,  static  contact  angles  were  measured  for  various  SAMs  on  Si 
and  Al  substrates.  The  measured  values  are  compared  among  the  samples  in 


cos(contact  angle) 
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Fig.  18.19    Zisman  plot  for 
PFTS/Si,  ODMS/Si,  and 
ODDMS/Si  used  for 
calculating  the  critical  surface 
tension,  a  measure  of  surface 
energy,  which  is  given  by  the 
.v-intercept  (cos  (contact 
angle)  =  1 )  of  the  fitted  line 
to  the  data 
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Fig.  18.20  (continued) 
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Fig.  18.20a  [53,  59].  A  summary  of  root-mean-square  (RMS)  roughness  measured 
by  using  an  AFM,  and  static  contact  angles  and  film  thickness  measured  using  an 
ellipsometer,  are  summarized  in  Table  18.13  [53,  61].  Significant  improvement  in 
the  water-repellent  property  was  observed  for  perfluorinated  SAMs  as  compared 
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Fig.  18.20    (a)  The  static 
contact  angle,  adhesive  force, 
friction  force,  and  coefficient 
of  friction  measured  using 
AFM  for  various  SAMs  on 
Si  and  Al  substrates,  and 
(b)  friction  force  versus 
normal  load  plots  for  various 
SAMs  on  Si  and  Al  substrates 
(after  [53,  59]) 
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Table  18.13    A  summary  of  RMS  roughness,  contact  angle,  and  film  thickness  of  various  SAMs 


SAM/substrate 

Acronym 

RMS 

Contact 

Film 

roughness 

angle  (deg) 

thickness 

(nm) 

(nm) 

Silicon(lll)a 

Si 

0.07 

48 

- 

Perfluorodecyltricholorosilane/Sia 

PFTS/Si 

0.09 

112 

ss  1.8 

/t-Octyldimethyl(dimethylamino) 

ODMS/Si 

0.10 

99 

S3  1.9 

silane/Sia 

/t-Octadecyldimethyl(dimefhylamino) 

ODDMS/Si 

0.10 

92 

«  2.1 

silane/Sib 

Aluminum 

Al 

32 

<  15 

- 

Perfluorodecylphosphonate 

PFDP 

34 

137 

«  1.9 

Decylphosphonate/Al 

DP/A1 

31 

129 

ps  1.9 

Octadecylphosphonate/Al 

ODP/A1 

36 

130 

ss  2.1 

*Kasai  et  al.  [61] 
Bhushan  et  al.  [53] 
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with  bare  Si  and  Al  substrates.  Static  contact  angles  of  alkylsilanes  and  alkylpho- 
sphonates  were  also  higher  than  corresponding  substrates,  but  lower  than  corres- 
ponding perfluorinated  films.  The  contact  angle  generally  increases  with  a  decrease 
in  surface  energy  [104],  which  is  consistent  with  the  data  obtained.  The  contact 
angles  can  be  influenced  by  the  packing  density  as  well  as  the  sample  roughness 
[105].  The  higher  contact  angles  for  the  SAMs  deposited  on  Al  substrates  than  those 
on  Si  substrate  are  probably  due  to  this  effect.  The  -CH3  groups  in  ODMS,  ODDMS, 
DP,  and  ODP  are  nonpolar  and  are  known  to  contribute  to  the  water-repellent 
property.  Perfluorinated  SAMs  exhibited  the  highest  contact  angle  among  the 
SAMs  tested  in  this  study. 


AFM  Adhesion  and  Friction  Measurements  Under  Ambient  Conditions 

Figure  18.20a  shows  the  adhesive  force,  friction  force,  and  the  coefficient  of  friction 
measured  under  ambient  conditions  using  an  AFM,  and  Fig.  18.20b  shows  the  fric- 
tion force  versus  normal  load  plots  for  various  SAMs  deposited  onto  Si  and  Al 
substrates  [53,  59].  Figure  18.21  shows  surface  height  and  friction  force  maps  for  Si 
and  for  PFTS,  ODMS,  and  ODDMS  on  Si  [59] . 

The  bare  substrates  showed  higher  adhesive  force  than  the  SAMs  coatings. 
ODMS  and  ODDMS  show  an  adhesive  force  comparable  to  that  of  DP  and  ODP, 
despite  their  lower  water  contact  angles.  These  SAMs  have  the  same  tail  groups,  and 
during  AFM  measurements  the  AFM  tip  interacts  only  with  the  tail  groups,  whereas 
the  contact  angles  can  also  be  influenced  by  the  head  groups  in  these  SAMs.  This  is 


o  ^     i.  -j.         PFTS  on  Si       _ .  .     , 

Surface  height  Friction  force 


Fig.  18.21    Surface  height  and  friction  force  maps  for  Si,  PFTS/Si,  ODMS/Si,  and  ODDMS/Si 
(after  [59]) 
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probably  the  reason  why  the  adhesive  forces  for  these  SAMs  are  comparable.  PFTS 
and  PFDP,  which  have  the  highest  contact  angles,  showed  the  lowest  adhesion. 

Friction  force  images  of  SAMs  on  Si  exhibit  more  uniform  contrast  than  those  of 
bare  Si.  The  coefficient  of  friction  was  higher  for  the  bare  substrates  as  compared 
with  the  corresponding  SAMs  deposited  on  them.  The  SAMs  deposited  on  the 
Si  substrate  showed  lower  coefficient  of  friction  than  those  deposited  on  the  Al 
substrates.  The  primary  reason  for  this  is  believed  to  be  the  greater  roughness  of  the 
Al  substrates.  The  SAMs  with  fluorocarbon  backbone  chains  were  found  to  have  a 
higher  coefficient  of  friction  than  those  with  hydrocarbon  backbone  chains.  This 
might  be  attributed  to  the  higher  stiffness  of  the  fluorocarbon  backbone  [53,  61].  For 
the  fluorocarbon  backbone  chains,  it  is  harder  to  rotate  the  backbone  structure  due 
to  the  larger  size  of  the  F  atoms  in  comparison  with  the  H  atoms  [106].  The  C-C 
bonds  of  hydrocarbon  chains  can,  on  the  other  hand,  rotate  more  freely.  We 
presented  earlier  a  molecular  spring  or  brush  model  to  explain  why  less  compliant 
SAMs  show  larger  friction.  SAMs  with  a  higher  spring  constant  or  stiffer  backbone 
structure  may  need  more  energy  to  be  elastically  deformed  during  sliding;  therefore 
friction  is  higher  for  these  SAMs.  In  terms  of  the  effect  of  chain  length,  it  has  been 
reported  that  the  coefficient  of  friction  for  SAM  surfaces  decreases  with  the  carbon 
backbone  chain  length  (n)  up  to  12  C  atoms  (n  sa  12)  [85].  This  effect  of  chain 
length  on  the  coefficient  of  friction  was  not  obvious  in  these  data. 


Effect  of  Relative  Humidity,  Temperature,  and  Sliding  Velocity 
on  AFM  Adhesion  and  Friction 

The  effect  of  relative  humidity  on  adhesion  and  friction  was  studied  for  various 
SAMs.  Adhesive  force,  friction  force  at  5  nN  normal  load,  coefficient  of  friction, 
and  microwear  data  are  presented  in  Fig.  18.22  [53,  61].  The  result  for  adhesive 
force  for  silicon  showed  an  increase  with  relative  humidity  (Fig.  18.22a).  This  is 
expected  since  the  surface  of  silicon  is  hydrophilic,  as  shown  in  Fig.  18.20a.  More 
condensation  of  water  at  the  tip-sample  interface  at  higher  humidity  increases  the 
adhesive  force  due  to  the  capillary  effect.  On  the  other  hand,  the  adhesive  force  for 
the  SAMs  showed  very  weak  dependency  on  humidity.  This  occurs  since  the 
surface  of  the  SAMs  is  hydrophobic.  The  adhesive  force  of  ODMS/Si  and 
ODDMS/Si  showed  a  slight  increase  from  75%  to  90%  RH.  Such  an  increase  was 
absent  for  PFTS/Si,  possibly  because  of  the  hydrophobicity  of  PFTS/Si.  The  Al 
substrate  is  hydrophilic  and  hence  shows  relative  humidity  dependence  (Fig.  18.22b). 
The  PFDP,  DP,  and  ODP  SAMs  deposited  on  Al  substrates  showed  almost  no 
change  in  adhesive  force  with  humidity.  The  highly  hydrophobic  nature  of  these 
monolayers  means  that  the  contribution  of  water  menisci  to  the  overall  adhesive 
force  is  negligible  at  all  humidities. 

The  friction  force  of  silicon  showed  an  increase  with  relative  humidity  up  to 
about  75%  RH  and  a  slight  decrease  beyond  this  point  (Fig.  18.22a).  The  initial 
increase  may  result  from  the  increase  in  adhesive  force.  The  decrease  in  friction 
force  at  higher  humidity  could  be  attributed  to  the  lubricating  effect  of  the  water 
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Fig.  18.22    Effect  of  relative 
humidity  on  (a)  adhesive 
force,  friction  force, 
coefficient  of  friction,  and 
microwear  for  various  SAMs 
on  (a)  Si  substrates  (after 
[61]),  and  (b)  adhesive  force 
for  various  SAMs  on  Al 
substrates  (after  [53]) 
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layer.  This  effect  is  more  pronounced  for  the  coefficient  of  friction.  Since  the  adhe- 
sive force  increased  and  the  coefficient  of  friction  decreased  in  this  range,  those 
effects  cancel  each  other  out  and  the  resulting  friction  force  showed  only  slight 
changes.  On  the  other  hand,  the  friction  force  and  coefficient  of  friction  of  SAMs 
showed  very  small  changes  with  relative  humidity,  like  that  found  for  adhesive 
force.  This  suggests  that  the  adsorbed  water  layer  on  the  surface  maintained  a  similar 
thickness  throughout  the  range  of  relative  humidity  tested.  The  differences  among 
the  SAM  types  were  small,  within  the  measurement  error,  however  a  closer  look  at 
the  coefficient  of  friction  for  ODMS/Si  showed  a  slight  increase  from  75%  to  90% 
RH  as  compared  with  PFTS/Si,  possibly  due  to  the  same  reason  as  for  the  adhesive 
force  increment.  The  inherent  hydrophobicity  of  SAMs  means  that  they  did  not  show 
much  relative  humidity  dependence. 

Figure  18.23a  shows  the  effect  of  temperature  on  adhesive  force,  friction  force  at 
5  nN  normal  load,  and  coefficient  of  friction  for  various  SAMs  on  Si  substrate  [61]. 
Figure  18.23b  shows  the  effect  of  temperature  on  the  adhesive  force  for  SAMs  on 
Al  [53].  The  adhesive  force  for  silicon  showed  an  increase  with  temperature,  from 
room  temperature  (RT)  to  about  55°C,  followed  by  a  decrease  from  55°C  to  75°C, 
and  eventually  leveling  off  from  75°C  to  110  °C.  The  adhesive  force  increased  for 
Al  substrate  up  to  50°C  and  then  decreased  to  a  stable  value  for  higher  tempera- 
tures. The  initial  increase  of  adhesive  force  for  Si  and  Al  substrates  at  lower 
temperatures  is  not  well  understood.  The  observed  decrease  could  be  attributed  to 
desorption  of  water  molecules  from  the  surface.  After  almost  full  depletion  of  the 
water  layer,  the  adhesive  force  remains  constant.  The  SAMs  with  hydrocarbon 
backbones  on  both  Si  and  Al  substrates  showed  similar  behavior  as  that  of  the  Si 
and  Al  substrates,  but  the  initial  increase  in  the  adhesive  force  with  temperature 
was  smaller.  The  SAMs  with  fluorocarbon  backbone  chains  showed  almost  no 
temperature  dependence.  For  the  SAMs  with  hydrocarbon  backbone  chains,  the 
initial  increase  in  adhesive  force  is  believed  to  be  caused  by  the  melting  of  the 
SAM  film.  The  melting  point  for  a  linear  carbon  chain  molecule  such  as 
CH3(CH2)i4CH2OH  is  50°C  [107].  With  an  increase  in  temperature,  the  SAM 
film  softens,  thereby  increasing  the  real  area  of  contact  and  consequently  the 
adhesive  force.  Once  the  temperature  is  higher  than  the  melting  point,  the  lubrica- 
tion regime  is  changed  from  boundary  lubrication  in  a  solid  SAM  to  liquid 
lubrication  in  the  molten  SAM  [81]. 

The  friction  force  for  silicon  showed  an  increase  with  temperature  followed  by 
a  steady  decrease.  The  friction  force  is  highly  affected  by  the  change  in  adhesion. 
The  decrease  in  friction  can  result  from  the  depletion  of  the  water  layer.  The 
coefficient  of  friction  for  silicon  remained  constant,  followed  by  a  decrease  starting 
at  about  80°C.  For  SAMs,  the  coefficient  of  friction  exhibited  a  monotonic  decrease 
with  temperature.  The  decrease  in  friction  and  coefficient  of  friction  for  SAMs 
possibly  results  from  the  decrease  in  stiffness.  As  introduced  before,  the  spring 
model  suggests  a  smaller  friction  for  more  compliant  SAMs  [81].  The  difference 
among  the  SAM  types  was  not  significant.  PFTS  could  maintain  its  stiffness  more 
than  ODMS  and  ODDMS  when  temperature  was  increased  [108];  however,  this 
was  not  pronounced  in  the  results. 
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Fig.  18.23   Effect  of 
temperature  (a)  on  adhesive 
force,  friction  force,  and 
coefficient  of  friction  for 
various  SAMs  on  Si 
substrates  (after  [61]),  and  (b) 
on  adhesive  force  for  various 
SAMs  on  Al  substrates 
(after  [53]) 


Adhesive  force  (nN) 
50' 
40 
30 

20 
10 


0 


o  Si 

9  ODDMS/Si 

A  ODMS/Si 

■  PFTS/Si 


v» * * 


Friction  force  (nN) 


Normal  load  =  5  nN 


6 

4 

2 

0 
Coefficient  of  friction 

0.1' 


0.08 
0.06 
0.04 
0.02 
0 


~-^A .  —  X  —  ■ 


b      Adhesive  force  (nN) 


120 
100 
80 
60 
40 
20 
0 


1 

Al  su 

jstrate 

X   Al 
□   DP 

♦    ODP 

»   PFDP 

,._ 

.--*$—.. 

J 

i" 

*-  — 3- 

^"**M- 

1 

X~~~* 

-rzrrr^ 

0 


20 


40 


80  100        120 

Temperature  (°C) 


Figure  18.24a  shows  the  effect  of  sliding  velocity  on  adhesive  force,  friction 
force,  and  coefficient  of  friction  for  various  SAMs  on  a  Si  substrate  [61].  The 
adhesive  force  for  silicon  remained  rather  constant  at  lower  sliding  velocity,  and 
then  increased  rapidly.  A  similar  trend  was  found  for  the  SAMs.  The  increase  in 
adhesive  force  for  silicon  is  believed  to  be  the  result  of  a  tribochemical  reaction  at 
the  tip-sample  interface  [27]  and  increase  of  contact  area  by  mechanical  plowing. 
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Fig.  18.24    Effect  of  sliding 
velocity  (a)  on  adhesive 
force,  friction  force,  and 
coefficient  of  friction 
for  various  SAMs  on  Si 
substrates  (after  [61]), 
and  (b)  on  friction  force 
for  various  SAMs  on  Al 
substrates  (after  [53]) 
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For  the  SAMs,  the  higher  adhesive  force  at  the  higher  velocity  can  result  from 
viscous  drag  of  the  SAM  molecules  [109].  SAMs  can  be  detached  from  the  surface 
and  attached  to  an  AFM  tip.  In  addition,  another  reason  may  be  an  increase  of 
contact  area,  which  may  be  caused  by  more  penetration  of  the  AFM  tip  into  the 
SAMs.  The  rate  of  increase  was  larger  for  ODMS  than  PFTS,  presumably  because 
of  the  higher  stiffness  and  more  densely  packed  structure  of  PFTS. 
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The  coefficient  of  friction  showed  an  increase  with  sliding  velocity  and  reached 
a  plateau  for  Si,  ODMS/Si,  and  ODDMS/Si.  As  the  sliding  speed  is  increased,  the 
reorientation  of  the  SAMs  needs  additional  work,  which  might  lead  to  increase  in 
friction.  For  PFTS,  the  coefficient  of  friction  decreased  at  larger  sliding  velocity, 
forming  a  peak.  The  peak  structure  may  result  from  the  viscoelastic  property  of 
SAMs  [110]. 

Figure  18.24b  shows  the  effect  of  sliding  velocity  on  the  friction  force  for 
various  SAMs  on  Al  substrate  [53].  The  friction  force  increases  slowly  at  lower 
sliding  velocities  for  the  bare  Al  substrate  and  SAMs,  followed  by  a  rapid  increase 
at  higher  sliding  velocities,  except  for  PFDP.  The  increase  in  friction  force  at 
high  velocities  (>1  mm/s)  is  the  result  of  asperity  impacts  and  corresponding 
high  frictional  energy  dissipation  at  the  sliding  interface  for  Al  [111].  Tambe  and 
Bhushan  [109]  extended  the  molecular  spring  model  presented  by  Bhushan  and  Liu 
[79]  to  explain  this  velocity-dependent  increase  in  friction  force  for  compliant  SAM 
molecules.  Based  on  this  model  for  the  DP  and  ODP  SAMs,  the  increase  in  friction 
force  is  believed  to  result  from  the  reorientation  of  the  SAM  molecules  under  the 
tip  load  and  during  tip  motion.  The  reorientation  of  the  SAMs  can  act  as  an  addi- 
tional hindrance  to  tip  motion  when  the  AFM  tip  reverses  during  scanning  and  thus 
result  in  higher  friction.  The  molecules  can  consequently  become  entangled  and/or 
detached  from  the  substrate  and  attach  to  the  AFM  tip. 


AFM  Wear  Measurements 

Figure  18.25a  shows  the  relationship  between  the  decrease  in  surface  height  as  a 
function  of  the  normal  load  during  wear  tests  [53,  61].  As  shown  in  the  figure,  the 
SAMs  exhibit  a  critical  normal  load,  beyond  which  the  surface  height  decreases 
drastically.  Figure  18.25a  also  shows  the  wear  behavior  of  the  Al  and  Si  substrates. 
Unlike  the  SAMs,  the  substrates  show  a  monotonic  decrease  in  surface  height  with 
increasing  normal  load  with  wear  initiating  from  the  very  beginning,  i.e.,  even  for 
low  normal  loads.  Si  (Young's  modulus  of  elasticity  E  =  130  GPa  [112,  113], 
hardness  H  =  1 1  GPa  [32])  is  relatively  hard  in  comparison  with  Al  (E  =  77  GPa, 
H  =  0.41  GPa),  and  hence  the  decrease  in  surface  height  for  Al  is  much  larger  than 
that  for  Si  for  similar  normal  loads. 

The  critical  loads  corresponding  to  the  sudden  failure  of  SAMs  are  shown  in 
Fig.  18.25b.  Amongst  all  the  SAMs,  ODDMS  shows  the  best  performance  in  the 
wear  tests,  and  this  is  believed  to  be  because  of  the  effect  of  the  longer  chain  length. 
The  fluorinated  SAMs  -  PFTS  and  PFDP  -  show  a  higher  critical  load  as  compared 
with  ODMS  and  DP  for  similar  chain  length.  ODP  shows  a  higher  critical  load  as 
compared  with  DP  because  of  its  longer  chain  length.  The  mechanism  of  failure  of 
compliant  SAMs  during  wear  tests  was  presented  earlier  in  Fig.  18.18.  It  is  believed 
that  the  SAMs  fail  mostly  due  to  shearing  of  the  molecule  at  the  head  group,  that  is, 
by  means  of  shearing  of  the  molecules  off  the  substrate.  Table  18.14  gives  the  bond 
strengths  for  various  intermolecular  bonds.  The  weakest  bonds  are  at  the  interface, 
and  hence  failure  is  expected  to  be  initiated  at  the  interface. 
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Fig.  18.25    (a)  Decrease  in 
surface  height  as  a  function  of 
normal  load  after  one  scan 
cycle  for  various  SAMs  on  Si 
and  Al  substrates,  and  (b) 
comparison  of  critical  loads 
for  failure  during  wear  tests 
for  various  SAMs  (after 
[53,  61]) 
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To  study  the  effect  of  relative  humidity,  wear  tests  were  performed  at  various 
humidities.  The  bottom  of  Fig.  18.22a  shows  critical  normal  load  as  a  function  of 
relative  humidity.  The  critical  normal  load  showed  weak  dependency  on  relative 
humidity  for  ODMS/Si  and  PFTS/Si  and  was  larger  for  ODMS/Si  than  PFTS/Si 
throughout  the  humidity  range.  This  suggests  that  water  molecules  could  penetrate 
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Table  18.14 

Typical  bond  streng 

;fhsa  in 

SAMs 

SAMs 

Bond 

HDT 

BPT 

Bond 

PFTS 

ODMS  or 

PFDP 

DP  and 

(kj/mol) 

(kj/mol) 

(kj/mol) 

ODDMS 

(kj/mol) 

ODP 

(kj/mol) 

(kj/mol) 

Interfacial 

S-Au 

184b 

184" 

Si-O 

242c 

242c 

_ 

- 

bonds 

S-C 

286a 

- 

- 

800d 

800d 

- 

- 

C6H5-S 

- 

362a 

Si-C 

414a 

414a 

- 

- 

Al-O 

- 

- 

511" 

511a 

P-C 

- 

- 

513a 

513a 

P-O 

- 

- 

599a 

599a 

C-C 

- 

- 

C-C 

- 

- 

- 

- 

Bonds  in 

CH2-CH2 

326e 

- 

CH2-CH2 

326e 

326e 

326e 

326e 

backbone 

CH3-CH2 

ra  305a 

- 

CF2-CF2 

ra  326' 

- 

k,  326' 

- 

C6H5 

- 

Strong 

CF2-CH2 

«  326' 

- 

fa  326' 

- 

CF3-CF2 

«  326' 

- 

fa  326' 

- 

CH3-CH2 

- 

«  305a 

- 

fs  305a  - 

aLide  [107] 

bChemical  adsorption  bond  from  Lio  et  al.  [87] 

cChemical  adsorption  bond  from  Hoshino  [114] 

dIn  diatomic  molecules 

eCottrell  [115] 

fDue  to  C-C  bond,  should  be  close  to  that  of  CH2-CH2 


into  the  ODDMS,  which  might  work  as  a  lubricant  [81,  1 16].  This  effect  was  absent 
for  PFTS/Si  and  ODMS/Si. 


18.4.4    Chemical  Degradation  and  Environmental  Studies 

Chemical  degradation  and  environmental  studies  were  carried  out  for  HDT/Au, 
PFTS/Si,  ODMS/Si,  and  ODDMS/Si  films. 


Chemical  Degradation  Studies 


The  coefficient  of  friction  and  detected  gaseous  products  for  HDT/Au  are  shown 
in  Fig.  18.26a  [63].  A  normal  pressure  of  50  kPa  was  applied  on  HDT  films. 
The  coefficient  of  friction  increased  after  a  sliding  distance  of  about  10  m.  During 
sliding,  (CH2)i5S,  C2H3,  CH3,  CH2,  and  H2  were  detected  by  mass  spectrometer. 
Partial  pressure  of  HS  fragments  is  of  interest  as  it  corresponds  to  the  interface 
bonds,  and  it  is  reported  here.  Increase  of  (CH2)isS  was  much  more  than  that  of 
other  species,  due  to  the  breaking  of  the  S-Au  bond.  Partial  pressures  of  C2H3,  CH3, 
CH2,  and  H2  were  also  found  to  increase  during  sliding.  There  was  no  noticeable 
change  in  the  partial  pressure  of  HS. 
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Fig.  18.26    Coefficients  of  friction  and  mass  spectra  data  on  (a)  HDT/Au  (1.9  nm),  and  (b) 
PFTS/Si  (1.8  nm),  ODMS/Si  (ss  1.9  nm),  and  ODDMS/Si  (»  2.1  nm)  in  high  vacuum  (after  [63]) 


HDT  film  is  deposited  on  a  Au(lll)  layer.  The  bond  strength  of  S-Au  is 
184  kJ/mol  (Table  18.9),  which  is  lower  than  that  of  the  C-C  bond  (425  kJ/mol), 
C-H  bond  (422  kJ/mol),  and  C-S  bond  (286  kJ/mol)  in  the  alkyl  chain.  Since  the 
S-Au  bond  is  the  weakest  bond  in  the  alkanethiol  chain,  the  whole  chain  should  be 
sheared  away  from  the  substrate.  Because  the  upper  atomic  mass  unit  (amu)  limit  of 
the  mass  spectrometer  used  is  250,  we  monitored  (CH2)isS  (amu  =  242),  which  is 
the  chain  with  CH3  sheared.  The  rate  of  generation  of  (CH2)isS  is  much  larger 
than  that  of  other  species.  This  suggests  that  the  mechanical  shear  of  the  whole 
alkanethiol  chain  is  the  dominant  factor  causing  the  failure  of  the  HDT  film. 
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Cleavage  of  the  S-Au  bonds  has  been  reported  in  literature.  Based  on  the  bond 
strength  as  well  as  the  above  studies,  mechanical  shearing  of  the  C-C  bonds  and 
C-H  bonds  does  not  likely  happen  during  sliding.  The  reaction  induced  by  low- 
energy  electrons,  generated  by  triboelectrical  emission  during  the  sliding,  could  be 
responsible  for  the  degradation  of  the  alkanethiol  chain.  Thermal  desorption  of 
HDT  from  Au  is  another  possible  degradation  mechanism  of  HDT. 

The  coefficient  of  friction  and  generated  gaseous  products  for  PFTS/Si,  ODMS/ 
Si,  and  ODDMS/Si  are  shown  in  Fig.  18.26b  [63].  The  coefficients  of  friction  for 
PFTS/Si,  ODMS/Si,  and  ODDMS/Si  increase  sharply  after  a  certain  sliding  dis- 
tance, which  indicates  degradation  of  the  film.  At  the  same  time,  gaseous  products 
of  CF3,  HCF2,  CF2,  CH2,  and  H2  were  detected  for  PFTS/Si,  and  C2H5,  C2H3,  CH3, 
CH2,  and  H2  were  detected  for  ODMS/Si,  and  ODDMS/Si. 

PFTS/Si  showed  lower  friction  than  ODMS/Si  in  the  tests.  ODDMS/Si  showed 
lower  friction  than  both  PFTS/Si  and  ODMS/Si.  This  is  because  of  the  effect  of 
chain  length.  It  has  been  reported  that  the  coefficient  of  friction  for  SAM  surfaces 
decreases  with  carbon  backbone  chain  length  («)  when  the  number  of  C  atoms  is 
less  than  12.  For  chains  with  more  than  12  C  atoms,  a  change  in  the  number  of 
carbon  atoms  will  not  influence  the  coefficient  of  friction  to  a  noticeable  extent. 

PFTS/Si  showed  higher  durability  than  ODMS/Si.  For  the  case  of  a  perfluori- 
nated  carbon  backbone,  it  is  harder  to  rotate  the  backbone  structure  (due  to  the 
different  size  of  F  versus  H  atoms)  which  implies  that  this  structure  is  more  rigid 
than  a  hydrocarbon  backbone  [106].  Chambers  [117]  has  reported  that  the  C-C 
bond  strength  increases  when  hydrogen  is  replaced  with  fluorine.  This  suggests  that 
the  rigid  perfluorinated  carbon  backbone  may  be  responsible  for  the  increased 
durability.  The  length  of  the  alkyl  chain  also  influences  the  desorption  energy  of 
alkanes.  Based  on  studies  of  the  adsorption  of  alkanes  on  Cu(100),  Au(lll),  Pt 
(110),  and  others,  the  physisorption  energy  increases  with  the  alkyl  chain  length 
[118-120].  Therefore,  ODDMS  is  more  durable  than  ODMS. 

During  sliding  on  PFTS  films,  gaseous  products  of  CF3,  HCF2,  CF2,  CH2,  and  H2 
were  detected.  From  the  structure  of  perfluoroalkylsilane,  the  only  source  of  H  on 
the  molecular  chain  which  could  cause  a  partial  pressure  increase  of  H2  is  (CH2)2, 
which  is  located  at  the  bottom  of  the  chain.  Since  the  partial  pressure  of  H2 
increases  immediately  after  sliding  and  remains  high  until  the  end  of  sliding,  it  is 
probably  generated  by  the  low-energy  electrons  coming  from  triboelectrical  emis- 
sion. The  partial  pressure  of  CH2  exhibited  a  sharp  peak  at  the  beginning  of  sliding 
and  at  the  moment  when  friction  changes.  Meanwhile,  the  partial  pressures  of  CH3, 
HSF2,  and  CF2  increased  significantly  when  the  friction  increased.  For  ODMS  and 
ODDMS,  C2H5,  C2H3,  CH3,  CH2,  and  H2  were  detected  during  sliding.  The  partial 
pressure  of  the  carbon-related  products  increase  considerably  when  the  friction  is 
increased.  SiO,  which  is  related  to  the  interface  bonds,  shows  no  noticeable  change 
during  sliding. 

Perfluoroalkylsilanes  and  alkylsilanes  are  attached  to  the  naturally  oxidized 
silicon  by  Si-0  bonds.  The  Si-0  bond  strength  varies  over  a  large  range  (Table 
18. 14),  depending  on  the  forming  condition.  In  the  alkylsilane  chain,  the  C-Si  bond 
strength  (414  kJ/mol)  is  slightly  lower  than  the  C-C  bond  strength.  Based  on  Table 
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Fig.  18.27    Coefficient  of 
friction  and  durability 
comparison  of  HDT/Au, 
PFTS/Si,  ODMS/Si,  and 
ODDMS/Si  in  high  vacuum. 
Error  bars  represent  ±  3c 
based  on  five  measurements 
(after  [63]) 
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18.9,  interfacial  bonds  (Si-O)  are  weaker  than  the  C-C  bonds  in  the  backbone.  It  is 
believed  that  cleavage  of  the  films  occurs  at  the  interface.  We  have  previously 
reported  evidence  of  the  cleavage  of  the  interfacial  bonds  using  an  AFM.  To  explain 
the  hydrogen,  Q  and  C2  hydrocarbon  (in  the  tests  for  PFTS/Si,  ODMS/Si,  and 
ODDMS/Si)  or  fluorocarbon  (in  the  tests  for  PFTS/Si)  products,  Kluth  et  al.  [121] 
suggested  that  the  alkylsilane  (perfluoroalkylsilane  as  well)  chains  break  and  create 
radicals.  The  radical  could  remain  on  the  surface  and  decompose  to  generate  a 
shorter  radical  and  an  alkene.  The  radical  could  repeatedly  decompose  to  ever  short 
radicals  and  alkenes  as  long  as  it  remains  on  the  surface. 

A  summary  of  the  coefficients  of  friction  and  durability  of  all  the  films  in 
vacuum  is  presented  in  Fig.  18.27  [63]. 


18.4.4.1     Environmental  Studies 


To  study  the  effect  of  environment,  friction  tests  on  HDT/Au,  PFTS/Si,  ODMS/Si, 
and  ODDMS/Si  were  conducted  in  high  vacuum,  argon,  dry  air  (less  than  2%  RH), 
air  with  30%  RH,  and  air  with  70%  RH  (Fig.  18.28)  [63].  By  comparing  the 
coefficient  of  friction  in  different  environments,  it  was  found  that  the  friction  in 
argon  is  the  lowest  for  the  SAMs  tested.  In  high  vacuum,  the  intimate  contact  leads 


452 


B.  Bhushan 


,l  mum 


High  vacuum 


HDT/Au 

Coefficient  of  friction 
0.8 

0.6 

0.4 

0.2 

(l 
0.8 
0.6 
0.4 
0.2 

0 
0.8 
0.6 
0.4 
0.2 

0 
0.8 
0.6 
0.4 
0.2 

0 
0.8 
0.6 
0.4 
0.2 


Argon 


Dry  air 


Air(30%RH) 


tortnijnM*"* 


50  100 

Sliding  distance  (m) 


PFTS/Si 

Coefficient  of  friction 
0.8 

0.6 

0.4 
0.2 


ODMS/Si 

Coefficient  of  friction 


0.2  r***~ 

0  

0.8 
0.6 

0.4 
0.2 
0 
0.8 
0.6 
0.4 
0.2 


High  vacuum 


Argon 


Dry  air 


Air  (30%  RH) 


Air  (70%  RH) 


50  100 

Sliding  distance  (m) 


Argon 


Dry  air 


Air  (30%  RH) 


ODDMS/Si 

Coefficient  of  friction 


High  vacuum 


WW 


50  100 

Sliding  distance  (m) 


Argon 


Dry  air 


Air(30%RH) 


Air  (70%  RH) 


„**" 


50  100 

Sliding  distance  (m) 


Fig.  18.28  Coefficient  of  friction  data  in  high  vacuum,  argon,  and  air  with  different  humidity 
levels  of  (a)  HDT/Au  (1.9  nm),  and  (b)  PFTS/Si  (1.8  nm),  ODMS/Si  (ral.9  urn),  and  ODDMS/Si 
(«  2.1  nm)  (after  [63])> 


to  high  friction.  In  dry  air,  the  friction  is  higher  than  in  the  argon.  This  shows  that 
oxygen  has  an  apparent  effect  on  the  performance  of  SAMs.  Kim  et  al.  [122] 
studied  the  thermal  stability  of  alkylsiloxane  SAMs  in  air.  They  found  that  the 
alkylsiloxane  decomposes  at  about  200  °C,  which  is  much  lower  than  the  decom- 
position temperature  of  470  °C  in  vacuum  reported  by  Kluth  et  al.  [121].  This 
difference  could  be  attributed  to  the  oxygen  in  air.  The  water  contained  in  air  is 
found  to  have  a  significant  influence  on  the  friction  of  SAMs.  A  study  by  Tian  et  al. 
[116]  on  the  effects  of  humidity  on  alkylsilane  on  mica  substrate  indicated  that 
water  molecules  can  penetrate  the  alkylsilane  film,  which  alters  their  molecular 
chain  ordering  and  can  also  detach  alkylsilane  molecules  from  the  substrate. 

A  summary  of  the  coefficients  of  friction  before  the  failure  of  the  lubricant  films 
in  various  environments  is  presented  in  Fig.  18.29  [63].  The  data  in  Fig.  18.29  are 
average  values  based  on  five  measurements.  To  summarize  the  highlights,  friction 
of  the  tested  lubricant  films  is  high  in  high  vacuum  because  of  the  intimate  contact 
between  the  lubricants  and  the  counterpart  surface.  Friction  of  tested  lubricant  films 
is  lower  in  argon  than  in  dry  air.  Friction  of  SAMs  is  significantly  influenced  by 
water  molecules. 
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Fig.  18.29    Comparison  of 
coefficient  of  friction  data  for 
HDT/Au,  PFTS/Si, 
ODMS/Si,  and  ODDMS/Si 
in  high  vacuum,  argon,  and 
air  with  different  humidity 
levels.  Error  bars  represent 
±  3(7  based  on  five 
measurements  (after  [63]) 


Coefficient  of  friction  before  failure  of  the  film 

0.4  + 

High  vacuum         Dry  air 
I  I  Argon  I  ■  Air  (30%  RH) 

I  I  Air  (70%  RH) 


0.3 


0.2 


0.1 


Iii 


^ 


I      ll 
II 


0    HDT/Au 


PFTS/Si 


ODMS/Si       ODDMS/Si 


18.5     Summary 


Exposure  of  devices  to  a  humid  environment  results  in  condensation  of  water  vapor 
from  the  environment.  Condensed  water  or  a  preexisting  film  of  liquid  forms 
concave  meniscus  bridges  between  the  hydrophilic  mating  surfaces.  The  negative 
Laplace  pressure  present  in  the  meniscus  results  in  an  adhesive  force  which  depends 
on  the  interface  roughness,  surface  tension,  and  contact  angle.  The  adhesive  force 
can  be  significant  in  an  interface  with  ultrasmooth  surfaces  and  it  can  be  on  the 
same  order  as  the  external  load  if  the  latter  is  small,  such  as  in  micro-  and 
nanodevices.  High  adhesion  also  leads  to  stiction,  friction,  and  wear  issues  in 
sliding  surfaces.  In  various  applications,  surfaces  need  to  be  protected  from  expo- 
sure to  the  operating  environment,  and  hydrophobic  films  are  of  interest.  Hydro- 
phobic films  are  also  expected  to  provide  low  adhesion,  stiction,  friction,  and  wear. 
These  films  should  be  molecularly  thick,  well-organized,  chemically  bonded  to  the 
substrate,  and  insensitive  to  environment.  Ordered  molecular  assemblies  with  high 
hydrophobicity  can  be  engineered  using  chemical  grafting  of  various  polymer 
molecules  with  suitable  functional  head  groups  and  nonpolar  surface  terminal 
groups. 

The  contact  angle,  adhesion,  friction,  and  wear  properties  of  various  SAMs 
having  alkyl,  biphenyl,  and  perfluoroalkyl  spacer  chains  with  different  surface 
terminal  groups  (-CH3  and  -CF3)  and  head  groups  (-SH,  -Si-O-,  -OH,  and 
P-O-)  are  presented  in  this  chapter.  It  is  found  that  the  adhesive  force  varies 
linearly  with  the  work  of  adhesion  value  of  SAMs,  which  indicates  that  capillary 
condensation  of  water  plays  an  important  role  in  the  adhesion  of  SAMs  on  the 
nanoscale  under  ambient  conditions.  SAMs  with  high-compliance  long  carbon 
spacer  chains  exhibit  the  lowest  adhesive  force  and  friction  force.  The  friction 
data  can  be  explained  using  a  molecular  spring  model,  in  which  the  local  stiffness 
and  intermolecular  force  govern  frictional  performance.  The  results  of  the  stiffness 
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Table  18.15    Summary  of  nanotribological  characterization  studies  for  SAMs  on  Si  and  Al 
substrates 


SAMs  property 

Friction  force 

Adhesive  force 

Wear 

Substrate 

Hard 

High 

Low 

Low 

Soft 

Low 

Low 

High 

Chemical  structure 

Linear  chain  molecule 

High 

Low 

High 

Ring  molecule 

High 

High 

Low 

Backbone 

Fluorocarbon  backbone 

Low 

Low 

Low 

Hydrocarbon  backbone 

Low 

High 

High 

Chain  length 

Long  backbone  chain 

High 

High 

Short  backbone  chain 

Low 

Low 

and  friction  characterization  of  the  micropatterned  sample  with  different  structures 
support  this  model.  Perfluoroalkylsilane  and  perfluoroalkylphosphonate  SAMs 
exhibit  lower  surface  energy,  higher  contact  angle,  and  lower  adhesive  force  as 
compared  with  alkylsilane  and  alkylphosphonate  SAMs,  respectively.  The  substrate 
had  little  effect.  The  coefficients  of  friction  of  various  SAMs  were  comparable. 

The  influence  of  relative  humidity  on  adhesion  and  friction  of  SAMs  is  domi- 
nated by  the  thickness  of  the  adsorbed  water  layer.  At  higher  humidity,  water 
increases  friction  through  increased  adhesion  by  the  meniscus  effect  in  the  contact 
zone.  With  an  increase  in  temperature,  in  the  case  of  Si(lll),  desorption  of  the 
adsorbed  water  layer  and  reduction  of  the  surface  tension  of  water  reduces  the 
adhesive  force  and  friction  force.  A  decrease  in  adhesion  and  friction  with  temper- 
ature was  found  for  all  films.  An  increase  in  adhesive  force  and  friction  with  sliding 
velocity  was  found  for  all  films. 

PFTS/Si  showed  better  wear  resistance  than  ODMS/Si.  ODDMS/Si  showed 
better  wear  resistance  than  ODMS/Si  due  to  the  effect  of  chain  length.  Wear 
behavior  of  the  SAMs  is  mostly  determined  by  the  molecule-substrate  bond 
strengths.  Similar  trends  were  observed  for  films  on  Al  substrates. 

The  nanotribological  characterization  studies  of  SAMs  deposited  on  Si  and  Al 
substrates  are  summarized  in  Table  18.15  [52].  SAMs  deposited  on  Si  and  Al 
substrates  show  low  friction  and  low  adhesion,  both  of  which  are  desirable  for 
MEMS/NEMS  applications. 

Based  on  studies  in  high  vacuum  (2  x  1CT7  Ton-),  the  coefficients  of  friction  of 
the  SAMs  are  in  the  following  order  (from  low  to  high):  ODDMS/Si,  PFTS/Si, 
HDT/Au,  ODMS/Si.  HDT  on  Au  shows  lower  durability  than  perfluoroalkylsilane 
and  alkylsilane  on  Si  because  of  the  weak  interfacial  bond.  PFTS/Si  has  better 
durability  than  ODMS/Si.  This  indicates  that  fluorination  of  alkylsilane  can 
improve  durability.  ODDMS/Si  is  more  durable  than  ODMS/Si  and  PFTS/Si 
because  of  the  effect  of  chain  length.  The  friction  of  SAMs  in  high  vacuum  is 
higher  than  in  argon  because  of  intimate  contact.  Based  on  studies  in  argon  and  air 
with  various  relative  humidities,  oxygen  can  increase  the  friction  and  decrease  the 
durability  of  SAMs.  Water  molecules  can  detach  SAM  molecules  from  the  sub- 
strate, resulting  in  high  friction  and  low  durability. 
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In  summary,  based  on  the  contact  angle,  adhesion,  friction,  and  wear  measure- 
ments of  SAM  films  by  AFM,  they  exhibit  attractive  hydrophobic  and  tribological 
properties.  Fluorinated  SAMs  appear  to  exhibit  superior  performance.  SAM  films 
should  find  many  applications,  including  in  micro-  and  nanodevices  requiring  good 
nanotribological  properties  and  surface  protection. 
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Chapter  19 

Nanoscale  Boundary  Lubrication  Studies 


Bharat  Bhushan 


Abstract  Boundary  films  are  formed  by  physisorption,  chemisorption,  and  chemi- 
cal reaction.  A  good  boundary  lubricant  should  have  a  high  degree  of  interaction 
between  its  molecules  and  the  solid  surface.  As  a  general  rule,  liquids  are  good 
lubricants  when  they  are  polar  and  thus  able  to  grip  solid  surfaces  (or  be  adsorbed). 
In  this  chapter,  we  focus  on  various  perfluoropolyethers  (PFPEs)  and  ionic  liquid 
films.  We  present  a  summary  of  nanodeformation,  molecular  conformation,  and 
lubricant  spreading  studies,  followed  by  an  overview  of  the  nanotribological  pro- 
perties of  polar  and  nonpolar  PFPEs  and  ionic  liquid  films  studied  by  atomic  force 
microscopy  (AFM),  and  chemical  degradation  studies  using  a  high-vacuum  tribo- 
test  apparatus.  In  this  chapter,  we  focus  on  PFPE  and  ionic  liquid  films.  We  first 
present  a  summary  of  nanodeformation,  molecular  conformation,  and  lubricant 
spreading  studies  and  an  overview  of  nanotribological  and  electrical  studies  of 
commonly  used  polar  and  nonpolar  PFPE  and  ionic  liquid  films  using  AFM  and 
chemical  degradation  studies  using  a  high-vacuum  tribotest  apparatus. 


19.1     Boundary  Films 

Boundary  films  are  formed  by  physisorption,  chemisorption,  and  chemical  reaction. 
With  physisorption,  no  exchange  of  electrons  takes  place  between  the  molecules  of  the 
adsorbate  and  those  of  the  adsorbant  [1,  2].  The  physisorption  process  typically 
involves  van  der  Waals  forces,  which  are  relatively  weak.  In  chemisorption,  there  is 
an  actual  sharing  of  electrons  or  an  electron  interchange  between  the  chemisorbed 
species  and  the  solid  surface.  The  solid  surface  bonds  very  strongly  to  the  adsorption 
species  through  covalent  bonds.  Chemically  reacted  films  are  formed  by  the  chemical 
reaction  of  the  solid  surface  with  the  environment.  The  physisorbed  film  can  be  either 
monomolecularly  or  polymolecularly  thick.  The  chemisorbed  films  are  monomole- 
cular,  but  stoichiometric  films  formed  by  chemical  reaction  can  have  a  large  film 
thickness.  In  general,  the  stability  and  durability  of  surface  films  decrease  in  the 
following  order:  chemically  reacted  films,  chemisorbed  films,  physisorbed  films. 
A  good  boundary  lubricant  should  have  a  high  degree  of  interaction  between  its 
molecules  and  the  solid  surface.  As  a  general  rule,  liquids  are  good  lubricants  when 
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they  are  polar  and  thus  able  to  grip  solid  surfaces  (or  be  adsorbed).  Polar  lubricants 
contain  reactive  functional  groups  with  low  ionization  potential  or  groups  having 
high  polarizability  [1—3].  Boundary  lubrication  properties  of  lubricants  are  also 
dependent  upon  the  molecular  conformation  and  lubricant  spreading  [4-7]. 

Perfluoropolyether  (PFPE)  films,  self-assembled  monolayers  (SAMs),  and  Lang- 
muir-Blodgett  (LB)  films  can  be  used  as  boundary  lubricants  [1-3,  8-15].  PFPE  films 
are  exclusively  used  for  the  lubrication  of  rigid  magnetic  disks  and  metal-evaporated 
magnetic  tapes  to  reduce  the  friction  and  wear  of  the  head-medium  interface  [10]. 
PFPEs  are  well  suited  for  this  application  because  of  the  following  properties:  low 
surface  tension  and  high  contact  angle,  which  allow  easy  spreading  on  surfaces  and 
provide  hydrophobicity;  chemical  and  thermal  stability,  which  minimize  degradation 
under  use;  low  vapor  pressure,  which  provides  low  outgassing;  high  adhesion  to 
substrate  via  organofunctional  bonds;  and  good  lubricity,  which  reduces  the  inter- 
facial  friction  and  wear  [10-12].  While  the  structure  of  the  lubricants  employed  at 
the  head-medium  interface  has  not  changed  substantially  over  the  past  decade,  the 
thickness  of  the  PFPE  film  used  to  lubricate  the  disk  has  steadily  decreased  from 
multilayer  thicknesses  to  the  submonolayer  thickness  regime  [12,  14].  Molecularly 
thick  PFPE  films  are  also  being  considered  for  lubrication  purposes  of  the  evolving 
microelectromechanical/nanoelectromechanical  systems  (MEMS/NEMS)  industry 
[  1 6, 1 7] .  It  is  well  known  that  the  properties  of  molecularly  thick  liquid  films  confined 
to  solid  surfaces  can  be  dramatically  different  from  those  of  the  corresponding  bulk 
liquid.  In  order  to  efficiently  develop  lubrication  systems  that  meet  the  requirements 
of  advanced  rigid  disk  drives  and  MEMS/NEMS  industries,  the  nanotribology  of 
thin  films  of  PFPE  lubricants  should  be  fully  understood  [11,  13,  18,  19].  It  is  also 
important  to  understand  lubricant-substrate  interfacial  interactions  and  the  influence 
of  operating  environment  on  the  nanotribological  performance  of  molecularly  thick 
PFPE  liquid  films.  Ionic  liquids  are  considered  as  potential  lubricants  [20-22].  They 
possess  efficient  heat  transfer  properties.  They  are  also  electrically  conducting,  which 
is  of  interest  in  various  MEMS/NEMS  applications  such  as  atomic  force  microscope 
probe-based  data  recording  [23-25]. 

An  overview  of  the  nanotribological  properties  of  SAMs  and  LB  films  can  be 
found  in  many  references,  such  as  Bhushan  [13].  In  this  chapter,  we  focus  on  PFPE 
and  ionic  liquid  films.  We  first  present  a  summary  of  nanodeformation,  molecular 
conformation,  and  lubricant  spreading  studies  and  an  overview  of  nanotribological 
and  electrical  studies  of  commonly  used  polar  and  nonpolar  PFPE  and  ionic  liquid 
films  using  atomic  force  microscopy  (AFM)  and  chemical  degradation  studies 
using  a  high-vacuum  tribotest  apparatus. 


19.2     Nanodeformation,  Molecular  Conformation,  Spreading, 
and  Nanotribological  Studies 

The  molecular  structures  of  two  commonly  used  typical  PFPE  lubricants  (Z-15  and 
Z-DOL  2000)  are  shown  schematically  in  Fig.  19.1  (Fomblin,  Solvay  Solexis  Inc., 
Milan,  Italy).  Z-15  has  nonpolar  -CF3  end  groups,  whereas  Z-DOL  is  a  polar 
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Fig.  19.1    Schematics  of  the  Z-15 

molecular  structures  of  Z-15 

and  Z-DOL  2000.  Z-15  has 

nonpolar  -CF3  end  groups, 

whereas  Z-DOL  is  a  polar 

lubricant  with  hydroxyl 

(-OH)  end  groups.  In  this 

figure,  the  m/n  value,  shown 

in  Table  19.1,  equals  2/3 

Z-DOL 

Table  19.1    Typical  properties  of  Z-15  and  Z-DOL  (Fomblin  Z,  Solvay  Solexis  Inc.,  Milan) 
Z-15  Z-DOL  (2000) 

HO-CH2-CF2-0-(CF2-CF2-0)„ 
(CF2-0)„-CF2-CH2-OHa 

2000 


1.81 


Formula 

CF3-0-(CF2-CF2-0)„, 

(CF2-0)„-CF3a 

Molecular  weight  (Da) 

9100 

Density  (ASTM  D891) 

(g/cm3) 

20°  C 

1.84 

Kinematic  viscosity 

(ASTM  D445)  (cSt) 

20°  C 

148 

38°C 

90 

99°  C 

25 

Viscosity  index 

320 

(ASTM  D2270) 

Surface  tension  (ASTM  D1331)  (dyn/cm) 

20°  C 

24 

Vapor  pressure  (Torr) 

20°  C 

1.6  x  10~6 

100°C 

1.7  x  10"5 

Pour  point 

-80 

(ASTM  D972)  (°C) 

Evaporation  weight  loss  (ASTM  D972)  (%) 

149°C,  22  h 

0.7 

Oxidative  stability  (°C) 

- 

Specific  heat  (cal/(g  K)) 

38°C 

0.21 

85 
34 


24 


6  x  10" 


320 


"m/n  sa  2/3 

lubricant  with  hydroxyl  (-OH)  end  groups.  Their  typical  properties  are  summarized 
in  Table  19.1,  showing  that  Z-15  and  Z-DOL  have  almost  the  same  density  and 
surface  tension,  but  Z-15  has  a  larger  molecular  weight  and  higher  viscosity.  Both 
of  them  have  low  surface  tension,  low  vapor  pressure,  low  evaporation  weight  loss, 
and  good  oxidative  stability  [3,  10].  For  nanotribological  characterization,  a  single- 
crystal  Si(100)  wafer  with  native  oxide  layer  has  generally  been  used  as  a  substrate 
for  deposition  of  molecularly  thick  lubricant  films.  Z-15  and  Z-DOL  films  can  be 
directly  deposited  on  the  Si(100)  wafer  by  a  dip-coating  technique.  The  clean 
silicon  wafer  is   submerged   vertically  into   a  dilute   solution  of  lubricant   in 
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Fig.  19.2    Schematic  of 
Z-DOL  molecules  chemically 
bonded  onto  a  Si(100) 
substrate  surface  (which  has 
native  oxide)  after  thermal 
treatment  at  150°C  for  30  min 


Z-DOL  molecules 


Silica  — 

Silicon 
wafer  — 


I  I  I  I 

CF2  CF2  CF2  CF2 

CH2  CH2  CH2  CH2 

I   '         I   '         I   '         I   ' 

-O — Si  —  O — Si  —  O — Si  —  O — Si  —  O  - 

I  I  I  I 

OOOO 


a  hydrocarbon  solvent  (HT-70,  Solvay  Solexis  Inc.,  Milan,  Italy).  The  silicon 
wafers  are  vertically  pulled  up  from  the  solution  with  a  motorized  stage  at  constant 
speed  for  deposition  of  desired  thicknesses  of  Z-15  and  Z-DOL  lubricants  [12,  14, 
26].  The  lubricant  film  thickness  obtained  in  dip-coating  is  a  function  of  concentra- 
tion and  pulling-up  speed,  among  other  factors.  The  Z-DOL  film  is  bonded  to  the 
silicon  substrate  by  heating  the  as-deposited  Z-DOL  samples  in  an  oven  at  150°C 
for  «  30  min.  The  native  oxide  layer  of  Si(100)  wafer  reacts  with  the  -OH  groups 
of  the  lubricants  during  thermal  treatment  [26,  27,  28,  29].  Subsequently,  fluoro- 
carbon  solvent  (FC-72,  3M)  washing  of  the  thermally  treated  specimen  removes 
loosely  absorbed  species,  leaving  the  chemically  bonded  phase  on  the  substrate. 
The  chemical  bonding  between  Z-DOL  molecules  and  the  silicon  substrate  is  illu- 
strated in  Fig.  19.2.  The  bonded  and  washed  Z-DOL  film  is  referred  to  as  Z-DOL 
(fully  bonded)  in  this  chapter.  The  as-deposited  Z-15  and  Z-DOL  films  are  mobile- 
phase  (i.e.,  liquid-like)  lubricants,  whereas  the  Z-DOL  (fully  bonded)  films  are  fully 
bonded  soft  solid-phase  (i.e.,  solid-like)  lubricants. 


19.2.1     Nanodeformation,  Molecular  Conformation, 
and  Spreading 


Nanodeformation  behavior  of  Z-DOL  lubricants  was  studied  using  an  AFM 
by  Blackman  et  al.  [30,  31].  Before  bringing  a  tungsten  tip  into  contact  with  a 
molecular  overlayer,  it  was  first  brought  into  contact  with  a  bare  clean  silicon 
surface  (Fig.  19.3).  As  the  sample  approaches  the  tip,  the  force  is  initially  zero, 
but  at  point  A  the  force  suddenly  becomes  attractive  (top  curve)  which  increases 
until  point  B,  where  the  sample  and  tip  come  into  intimate  contact  and  the  force 
becomes  repulsive.  As  the  sample  is  retracted,  a  pull-off  force  of  5  x  10  ~8  N  (point 
D)  is  required  to  overcome  adhesion  between  the  tungsten  tip  and  the  silicon 
surface.  When  an  AFM  tip  is  brought  into  contact  with  an  unbonded  Z-DOL  film, 
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Fig.  19.3    Wire  deflection 
(normal  load)  as  a  function 
of  tip-sample  separation 
distance  curves  comparing 
the  behavior  of  clean 
Si(100)  surface  with 
a  surface  lubricated  with 
free  and  unbonded  PFPE 
lubricant,  and  a  surface  where 
the  PFPE  lubricant  film  was 
thermally  bonded  to  the 
surface  (after  [30]) 
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a  sudden  jump  in  adhesive  contact  is  also  observed.  A  much  larger  pull-off  force 
is  required  to  overcome  the  adhesion.  The  adhesion  is  initiated  by  the  formation  of 
a  lubricant  meniscus  surrounding  the  tip.  This  suggests  that  the  unbonded  Z-DOL 
lubricant  shows  liquid-like  behavior.  However,  when  the  tip  was  brought  into 
contact  with  a  lubricant  film  which  was  firmly  bonded  to  the  surface,  the  liquid- 
like  behavior  disappears.  The  initial  attractive  force  (point  A)  is  no  longer  sudden  as 
with  the  liquid  film,  but  rather  gradually  increases  as  the  tip  penetrates  the  film. 

According  to  Blackman  et  al.  [30,  31],  if  the  substrate  and  tip  were  infinitely  hard 
with  no  compliance  and/or  deformation  in  the  tip  and  sample  supports,  the  line  from 
B  to  C  would  be  vertical  with  infinite  slope.  The  tangent  to  the  force-distance  curve  at 
a  given  point  is  referred  to  as  the  stiffness  at  that  point  and  was  determined  by  fitting  a 
least-squares  line  through  the  nearby  data  points.  For  silicon,  the  deformation  is 
reversible  (elastic)  since  the  retracting  (outgoing)  portion  of  the  curve  (C  to  D) 
follows  the  extending  (ingoing)  portion  (B  to  C).  For  bonded  lubricant  film,  at  the 
point  where  the  slope  of  the  force  changes  gradually  from  attractive  to  repulsive,  the 
stiffness  changes  gradually,  indicating  compression  of  the  molecular  film.  As  the  load 
is  increased,  the  slope  of  the  repulsive  force  eventually  approaches  that  of  the  bare 
surface.  The  bonded  film  was  found  to  respond  elastically  up  to  the  highest  loads  of 
5  uN  which  could  be  applied.  Thus,  bonded  lubricant  behaves  as  a  soft  polymer  solid. 

Figure  19.4  illustrates  two  extremes  for  the  conformation  on  a  surface  of  a  linear 
liquid  polymer  without  any  reactive  end  groups  and  at  submonolayer  coverages 
[4,  6].  At  one  extreme,  the  molecules  lie  flat  on  the  surface,  reaching  no  more 
than  their  chain  diameter  S  above  the  surface.  This  would  be  the  case  if  a  strong 
attractive  interaction  exists  between  the  molecules  and  the  solid.  On  the  other 
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Fig.  19.4  Schematic  representation  of  two  extreme  liquid  conformations  at  the  surface  of  the  solid 
for  low  and  high  molecular  weights  at  low  surface  coverage.  <5  is  the  cross-sectional  diameter  of 
the  liquid  chain  and  Rg  is  the  radius  of  gyration  of  the  molecules  in  the  bulk  (after  [6]) 

extreme,  when  a  weak  attraction  exists  between  polymer  segments  and  the  solid,  the 
molecules  adopt  conformations  close  to  that  of  the  molecules  in  the  bulk,  with 
microscopic  thickness  equal  to  about  the  radius  of  gyration  Rz.  Mate  and  Novotny 
[6]  used  AFM  to  study  conformation  of  0.5-1.3  nm-thick  Z-15  molecules  on  clean 
Si(100)  surfaces.  They  found  that  the  thickness  measured  by  AFM  was  thicker  than 
that  measured  by  ellipsometry,  with  the  offset  ranging  from  3  to  5  nm.  They  found 
that  the  offset  was  the  same  for  very  thin,  submonolayer  coverages.  If  the  coverage 
is  submonolayer  and  inadequate  to  make  a  liquid  film,  the  relevant  thickness  is  then 
the  height  (/ie)  of  the  molecules  extended  above  the  solid  surface.  The  offset  should 
be  equal  to  2/ie,  assuming  that  the  molecules  extend  the  same  height  above  both  the 
tip  and  silicon  surfaces.  They  thus  concluded  that  the  molecules  do  not  extend 
>  1.5-2.5  nm  above  a  solid  or  liquid  surface,  much  smaller  than  the  radius  of  gyra- 
tion of  the  lubricants  of  3.2-7.3  nm,  and  similar  to  the  approximate  cross-sectional 
diameter  of  0.6-0.7  nm  for  the  linear  polymer  chain.  Consequently,  the  height  that 
the  molecules  extend  above  the  surface  is  considerably  less  than  the  diameter  of 
gyration  of  the  molecules  and  only  a  few  molecular  diameters  in  height,  implying 
that  the  physisorbed  molecules  on  a  solid  surface  have  an  extended,  flat  conforma- 
tion. They  also  determined  the  disjoining  pressure  of  these  liquid  films  based  on 
AFM  measurements  of  the  distance  needed  to  break  the  liquid  meniscus  that 
forms  between  the  solid  surface  and  an  AFM  tip  [7].  For  a  monolayer  thickness 
of  s=s  0.7  nm,  the  disjoining  pressure  is  s=s  5  MPa,  indicating  strong  attractive  interaction 
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between  the  liquid  molecules  and  the  solid  surface.  The  disjoining  pressure  decreases 
with  increasing  film  thickness  in  a  manner  consistent  with  a  strong  attractive  van  der 
Waals  interaction  between  the  liquid  molecules  and  the  solid  surface. 

Rheological  characterization  shows  that  the  flow  activation  energy  of  PFPE 
lubricants  is  weakly  dependent  on  chain  length  and  strongly  dependent  on  the  func- 
tional end  groups  [32].  PFPE  lubricant  films  that  contain  polar  end  groups  have 
lower  mobility  than  those  with  nonpolar  end  groups  of  similar  chain  length  [33]. 
The  mobility  of  PFPE  also  depends  on  the  surface  chemical  properties  of  the  sub- 
strate. The  spreading  of  Z-DOL  on  an  amorphous  carbon  surface  has  been  studied 
as  a  function  of  hydrogen  or  nitrogen  content  in  the  carbon  film,  using  scanning 
microellipsometry  [34].  The  diffusion  coefficient  data  presented  in  Fig.  19.5  is 
thickness  dependent.  It  shows  that  the  surface  mobility  of  Z-DOL  increased  as  the 
hydrogen  content  increased,  but  decreased  as  the  nitrogen  content  increased.  The 
enhancement  of  Z-DOL  surface  mobility  by  hydrogenation  may  be  understood 
from  the  fact  that  the  interactions  between  Z-DOL  molecules  and  the  carbon 
surface  can  be  significantly  weakened  due  to  a  reduction  of  the  number  of  high- 
energy  binding  sites  on  the  carbon  surface.  The  stronger  interactions  between 
Z-DOL  molecules  and  the  carbon  surface,  as  the  nitrogen  content  in  the  carbon 
coating  increases,  leads  to  the  lowering  of  the  Z-DOL  surface  mobility. 

Molecularly  thick  films  may  be  sheared  at  very  high  shear  rates,  on  the  order  of 
108-109  s_1  during  sliding,  such  as  during  magnetic  disk-drive  operation.  During 
such  shear,  lubricant  stability  is  critical  to  the  protection  of  the  interface.  For  proper 
lubricant  selection,  viscosity  at  high  shear  rates  and  associated  shear  thinning  need 
to  be  understood.  Viscosity  measurements  of  eight  different  types  of  PFPE  films 
show  that  all  eight  lubricants  display  Newtonian  behavior  and  that  their  viscosity 
remains  constant  at  shear  rates  up  to  107  s_1  [35,  36]. 
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Fig.  19.5    Diffusion  coefficient  D(h)  as  a  function  of  lubricant  film  thickness  for  Z-DOL  on 
different  carbon  films  (after  [32]) 
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19.2.2    Nanotribological  Studies 

AFM  techniques  have  been  used  to  investigate  the  nanotribological  performance  of 
PFPEs.  Mate  [37,  38],  O'Shea  et  al.  [39,  40],  Bhushan  et  al.  [18,  41],  Koinkar  and 
Bhushan  [29,  42],  Bhushan  and  Sundararajan  [43],  Bhushan  and  Dandavate  [44], 
Liu  and  Bhushan  [26],  and  Palacio  and  Bhushan  [45,  46]  used  an  AFM  to  provide 
insight  into  how  PFPE  lubricants  function  at  the  molecular  level.  Mate  [37,  38] 
conducted  friction  experiments  on  bonded  and  unbonded  Z-DOL,  and  found  that 
the  coefficient  of  friction  of  unbonded  Z-DOL  is  about  two  times  larger  than  that  of 
bonded  Z-DOL  [39,  40].  Koinkar  and  Bhushan  [29,  42]  and  Liu  and  Bhushan  [26] 
studied  the  friction  and  wear  performance  of  a  Si(100)  sample  lubricated  with  Z-15, 
Z-DOL,  and  Z-DOL  (fully  bonded)  lubricants.  They  found  that  using  Z-DOL  (fully 
bonded)  could  significantly  improve  the  adhesion,  friction,  and  wear  performance 
of  Si(100).  They  also  discussed  the  lubrication  mechanisms  on  the  molecular  level. 
Bhushan  and  Sundararajan  [43]  and  Bhushan  and  Dandavate  [44]  studied  the  effect 
of  tip  radius  and  relative  humidity  on  the  adhesion  and  friction  properties  of  Si(  100) 
coated  with  Z-DOL  (fully  bonded). 

In  this  section,  we  review  the  adhesion,  friction,  and  wear  properties  of  Z-15  and 
Z-DOL  under  various  operating  conditions  (rest  time,  velocity,  relative  humidity, 
temperature,  and  tip  radius).  The  experiments  were  carried  out  using  a  commercial 
AFM  system  with  pyramidal  Si3N4  and  diamond  tips.  An  environmentally  con- 
trolled chamber  and  a  thermal  stage  were  used  to  perform  relative  humidity  and 
temperature  effect  studies. 


Friction  and  Adhesion 

To  investigate  the  friction  properties  of  Z-15  and  Z-DOL  (fully  bonded)  films  on  Si 
(100),  curves  of  friction  force  versus  normal  load  were  measured  by  making  friction 
measurements  at  increasing  normal  loads  [26].  Representative  results  for  Si(100), 
Z-15,  and  Z-DOL  (fully  bonded)  are  shown  in  Fig.  19.6.  An  approximately  linear 
response  of  all  three  samples  is  observed  in  the  load  range  of  5-130  nN.  The  fric- 
tion force  of  solid-like  Z-DOL  (fully  bonded)  is  consistently  smaller  than  that  for 
Si(100),  but  the  friction  force  of  liquid-like  Z-15  lubricant  is  higher  than  that  for 
Si(100).  Sundararajan  and  Bhushan  [47]  have  studied  the  static  friction  force  of 
silicon  micromotors  lubricated  with  Z-DOL  by  AFM.  They  also  found  that  liquid- 
like Z-DOL  lubricant  significantly  increased  the  static  friction  force;  on  the  con- 
trary a  solid-like  Z-DOL  (fully  bonded)  coating  can  dramatically  reduce  the  static 
friction  force.  This  is  in  good  agreement  with  the  results  of  Liu  and  Bhushan  [26]. 
In  Fig.  19.6,  the  nonzero  value  of  the  friction  force  signal  at  zero  external  load  is 
due  to  adhesive  forces.  It  is  well  known  that  the  following  relationship  exists 
between  the  friction  force  F  and  the  external  normal  load  W  [1,  2] 

F  =  H(W  +  WK),  (19.1) 
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Fig.  19.6    Friction  force 
versus  normal  load  curves 
for  Si(100),  2.8  nm-thick 
Z-15  film,  and  2.3  nm-thick 
Z-DOL  (fully  bonded)  film 
at  2  um/s,  and  in  ambient 
air  sliding  against  a  Si3N4 
tip.  Based  on  these  curves, 
coefficient  of  friction  /.i  and 
adhesion  force  of  Wa  can  be 
calculated  (after  [26]) 
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where  /i  is  the  coefficient  of  friction  and  Wa  is  the  adhesive  force.  Based  on  this 
equation  and  the  data  in  Fig.  19.6,  we  can  calculate  the  fi  and  Wa  values.  The 
coefficients  of  friction  for  Si(100),  Z-15,  and  Z-DOL  are  0.07,  0.09,  and  0.04, 
respectively.  Based  on  (19.1),  the  adhesive  force  values  are  obtained  from  the 
horizontal  intercepts  of  the  curves  of  friction  force  versus  normal  load,  i.e.,  at 
zero  friction  force.  Adhesive  force  values  of  Si(100),  Z-15,  and  Z-DOL  are  52,  91, 
and  34  nN,  respectively. 

The  adhesive  forces  of  these  samples  were  also  measured  by  using  a  force 
calibration  plot  (FCP)  technique  to  obtain  force-distance  curves.  In  this  technique, 
the  tip  is  brought  into  contact  with  the  sample,  and  the  maximum  force  needed  to 
pull  the  tip  and  sample  apart  is  measured  as  the  adhesive  force.  Figure  19.7  shows 
typical  FCP  curves  for  Si(100),  Z-15,  and  Z-DOL  (fully  bonded)  [26].  As  the  tip 
approaches  the  sample  within  a  few  nanometers  (point  A),  an  attractive  force  exists 
between  the  tip  and  the  sample  surfaces.  The  tip  is  pulled  toward  the  sample,  and 
contact  occurs  at  point  B  on  the  graph.  The  adsorption  of  water  molecules  and/or 
the  presence  of  liquid  lubricant  molecules  on  the  sample  surface  can  also  acce- 
lerate this  so-called  snap-in,  due  to  the  formation  of  a  meniscus  of  water  and/or 
liquid  lubricant  around  the  tip.  From  this  point  on,  the  tip  is  in  contact  with  the 
surface,  and  as  the  piezo  extends  further,  the  cantilever  is  further  deflected.  This  is 
represented  by  the  slope  portion  of  the  curve.  As  the  piezo  retracts,  at  point  C  the 
tip  goes  beyond  the  zero-deflection  (flat)  line,  because  of  the  attractive  forces,  into 
the  adhesive  force  regime.  At  point  D,  the  tip  snaps  free  of  the  adhesive  forces 
and  is  again  in  free  air.  The  adhesive  force  (pull-off  force)  is  determined  by 
multiplying  the  cantilever  spring  constant  (0.58  N/m)  by  the  horizontal  distance 
between  points  C  and  D,  which  corresponds  to  the  maximum  cantilever  deflec- 
tion toward  the  samples  before  the  tip  is  disengaged.  Incidentally,  the  horizontal 
shift  between  the  loading  and  unloading  curves  results  from  the  hysteresis  of  the 
PZT  tube. 
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Fig.  19.7    Typical  force 
calibration  plots  of  Si(100), 
2.8  nm-thickZ-15  film,  and 
2.3  nm-thick  Z-DOL  (fully 
bonded)  film  in  ambient  air. 
The  adhesive  forces  can  be 
calculated  from  the  horizontal 
distance  between  points  C 
and  D,  and  the  cantilever 
spring  constant  of  0.58  N/m 
(after  [26]) 
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The  adhesive  forces  of  Si(100),  Z-15,  and  Z-DOL  (fully  bonded)  measured 
by  FCP  and  from  plots  of  friction  force  versus  normal  load  are  summarized  in 
Fig.  19.8  [26].  The  results  measured  by  these  two  methods  are  in  good  agreement. 
Figure  19.8  shows  that  the  presence  of  a  mobile  Z-15  lubricant  film  increases  the 
adhesive  force  as  compared  with  that  of  Si(100).  In  contrast,  the  presence  of  a  solid- 
phase  Z-DOL  (fully  bonded)  film  reduces  the  adhesive  force  as  compared  with  that 
of  Si(100).  This  result  is  in  good  agreement  with  the  results  of  Blackman  et  al. 
[30]  and  Bhushan  and  Ruan  [48].  Sources  of  adhesive  forces  between  the  tip  and  the 
sample  surfaces  are  van  der  Waals  attraction  and  the  long-range  meniscus  force 
[1,  2,  11,  13].  The  relative  magnitudes  of  the  forces  from  these  two  sources 
are  dependent  upon  various  factors,  including  the  distance  between  the  tip  and 
the  sample  surface,  their  surface  roughness,  their  hydrophobicity,  and  the  relative 
humidity  [49].  For  most  surfaces  with  some  roughness,  the  contribution  of  the 
meniscus  force  dominates  at  moderate  to  high  humidity. 
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Fig.  19.8  (a)  Summary  of  the  adhesive  forces  of  Si(100),  2.8  nm-thick  Z-15  film  and  2.3  lira 
thick  Z-DOL  (fully  bonded)  film  measured  by  force  calibration  plots  and  plots  of  friction  force 
versus  normal  load  in  ambient  air.  (b)  Schematic  showing  the  effect  of  meniscus  formed  between 
the  AFM  tip  and  the  sample  surface  on  the  adhesive  and  friction  forces  (after  [26]) 

The  schematic  in  Fig.  19.8b  shows  the  relative  size  and  source  of  the  meniscus. 
The  native  oxide  layer  (SiCy  on  the  top  of  the  Si(100)  wafer  exhibits  hydrophilic 
properties,  and  some  water  molecules  can  be  adsorbed  onto  this  surface.  This 
condensed  water  will  form  a  meniscus  as  the  tip  approaches  the  sample  surface. 
In  the  case  of  a  sphere  (such  as  a  single-asperity  AFM  tip)  in  contact  with  a  flat 
surface,  the  attractive  Laplace  force  FL  caused  by  the  capillary  is 


Fl  =  27r7?}'(cos  0[  +  cos  O2 ) 


(19.2) 


where  R  is  the  radius  of  the  sphere,  y  is  the  surface  tension  of  the  liquid  against  air, 
and  61  and  02  are  the  contact  angles  between  the  liquid  and  flat  or  spherical  surfaces, 
respectively  [1,2,  50].  As  the  surface  tension  value  of  Z-15  (24  dyn/cm)  is  smaller 
than  that  of  water  (72  dyn/cm),  the  larger  adhesive  force  in  Z-15  cannot  only  be 
caused  by  the  Z-15  meniscus.  The  nonpolar  Z-15  liquid  does  not  have  complete 
coverage  and  strong  bonding  with  Si(100).  In  the  ambient  environment,  the 
condensed  water  molecules  will  permeate  through  the  liquid  Z-15  lubricant  film 
and  compete  with  the  lubricant  molecules  present  on  the  substrate.  The  interaction 
of  the  liquid  lubricant  with  the  substrate  is  weakened,  and  a  boundary  layer  of  the 
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liquid  lubricant  forms  puddles  [29,  42].  This  dewetting  allows  water  molecules  to 
be  adsorbed  onto  the  Si(100)  surface  as  aggregates  along  with  Z-15  molecules,  and 
both  of  them  can  form  a  meniscus  while  the  tip  approaches  to  the  surface.  In 
addition,  as  the  Z-15  film  is  fairly  soft  compared  with  the  solid  Si(100)  surface, 
and  penetration  of  the  tip  in  the  film  occurs  while  pushing  the  tip  down,  this  leads  to 
a  large  area  of  the  tip  involved  to  form  the  meniscus  at  the  tip-liquid  (water 
aggregates  along  with  Z-15)  interface.  These  two  factors  of  the  liquid-like  Z-15 
film  result  in  higher  adhesive  force.  It  should  also  be  noted  that  Z-15  has  a  higher 
viscosity  compared  with  water;  therefore  Z-15  film  provides  higher  resistance  to 
sliding  motion  and  results  in  a  larger  coefficient  of  friction.  In  the  case  of  Z-DOL 
(fully  bonded)  film,  both  active  groups  of  Z-DOL  molecules  are  strongly  bonded  on 
the  Si(100)  substrate  through  the  thermal  and  washing  treatment,  thus  the  Z-DOL 
(fully  bonded)  film  has  a  relatively  low  free  surface  energy  and  cannot  be  readily 
displaced  by  water  molecules  or  readily  adsorb  water  molecules.  Thus,  the  use  of 
Z-DOL  (fully  bonded)  can  reduce  the  adhesive  force.  We  further  believe  that 
the  bonded  Z-DOL  molecules  can  be  orientated  under  stress  (behaving  as  a  soft 
polymer  solid),  which  facilitates  sliding  and  reduces  the  coefficient  of  friction. 

These  studies  suggest  that  liquid-like  lubricant  films,  such  as  Z-15,  easily  form 
menisci  (by  themselves  and  with  adsorbed  water  molecules),  and  thus  have  higher 
adhesive  force  and  higher  friction  force,  whereas  if  the  lubricant  film  exists  in 
a  solid-like  phase,  such  as  Z-DOL  (fully  bonded)  films,  they  are  hydrophobic  with 
low  adhesion  and  friction. 

In  order  to  study  the  uniformity  of  a  lubricant  film  and  its  influence  on  friction 
and  adhesion,  friction  force  mapping  and  adhesive  force  mapping  of  PFPE  have 
been  carried  out  by  Koinkar  and  Bhushan  [42]  and  Bhushan  and  Dandavate  [44], 
respectively.  Figure  19.9  shows  gray  scale  plots  of  surface  topography  and  friction 
force  images  obtained  simultaneously  for  unbonded  Demnum-type  PFPE  lubricant 
film  on  silicon  [42],  Demnum-type  PFPE  lubricant  (Demnum,  Daikin,  Japan) 
chains  have  -CF2-CH2-OH  (a  reactive  end  group)  on  one  end,  whereas  Z-DOL 
chains  have  the  hydroxyl  groups  on  both  ends,  as  described  earlier  [12].  The  friction 
force  plot  shows  well-distinguished  low-  and  high-friction  regions,  roughly 
corresponding  to  high-  and  low-surface-height  regions  in  the  topography  image 


Fig.  19.9    Gray  scale  plots 
of  the  surface  topography 
and  friction  force  obtained 
simultaneously  for  unbonded 
2.3  nm-thick  Demnum-type 
PFPE  lubricant  film  on  silicon 
(after  [29]) 
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Fig.  19.10  Gray  scale  plots  of  the  adhesive  force  distribution  of  a  uniformly  coated,  3.5  run-thick 
unbonded  Z-DOL  film  on  silicon  and  3-10  nm-thick  unbonded  Z-DOL  film  on  silicon  that  was 
deliberately  coated  nonuniformly  by  vibrating  the  sample  during  the  coating  process  (after  [44]) 

(thick  and  thin  lubricant  regions).  A  uniformly  lubricated  sample  does  not  show 
such  a  variation  in  the  friction.  Figure  19.10  shows  gray  scale  plots  of  the  adhesive 
force  distribution  for  silicon  samples  coated  uniformly  and  nonuniformly  with 
Z-DOL  lubricant.  It  can  be  clearly  seen  that  there  exists  a  region  which  has  an 
adhesive  force  distinctly  different  from  the  other  region  for  the  nonuniformly 
coated  sample.  This  implies  that  the  liquid  film  thickness  is  nonuniform,  giving 
rise  to  a  difference  in  the  meniscus  forces. 


Rest-Time  Effect 

It  is  well  known  that,  in  rigid  computer  disk  drives,  the  stiction  force  between  the 
head  and  the  disk  magnetic  medium  increases  rapidly  with  increasing  rest  time 
[10,  12].  Considering  that  stiction  and  friction  are  major  issues  that  lead  to  failure 
of  rigid  computer  disk  drives  and  MEMS,  it  is  very  important  to  determine  if 
this  rest-time  effect  also  exists  on  the  nanoscale.  First,  the  rest-time  effect  on  the 
friction  force,  adhesive  force,  and  coefficient  of  Si(100)  sliding  against  a  S\j^4 
tip  was  studied  (Fig.  19.11a  [26]).  It  was  found  that  the  friction  and  adhesive 
forces  increase  logarithmically  up  to  a  certain  equilibrium  time,  after  which  they 
remain  constant.  Figure  19.11a  also  shows  that  the  rest  time  does  not  affect 
the  coefficient  of  friction.  These  results  suggest  that  the  rest  time  can  result  in 
growth  of  the  meniscus,  which  causes  a  higher  adhesive  force  and  in  turn  a  higher 
friction  force.  However,  over  the  whole  testing  range  the  friction  mechanisms 
do  not  change  with  the  rest  time.  Similar  studies  were  also  performed  on  Z-15 
and  Z-DOL  (fully  bonded)  films.  The  results  are  summarized  in  Fig.  19.11b 
[26].  It  is  seen  that  a  similar  time  effect  was  observed  for  Z-15  film  but  not  for 
Z-DOL  (fully  bonded)  film. 
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Fig.  19.11  (a)  Rest-time  effect  on  friction  force,  adhesive  force,  and  coefficient  of  friction  of 
Si(100).  (b)  Summary  of  the  rest-time  effect  on  friction  force,  adhesive  force,  and  coefficient 
of  friction  of  Si(100),  2.8  nm-thick  Z-15  film,  and  2.3  nm-thick  Z-DOL  (fully  bonded)  film.  All  of 
the  measurements  were  carried  out  at  70  nN,  2  um/s,  and  in  ambient  air  (after  [26]) 

An  AFM  tip  in  contact  with  a  flat  sample  surface  can  be  treated  as  a  single- 
asperity  contact.  Therefore,  a  Si3N4  tip  in  contact  with  Si(100)  or  Z  -  15/Si(100)  can 
be  modeled  as  a  sphere  in  contact  with  a  flat  surface  covered  by  a  layer  of  liquid 
(adsorbed  water  and/or  liquid  lubricant)  (Fig.  19. 12a).  A  meniscus  forms  around  the 
contacting  asperity  and  grows  with  time  until  equilibrium  occurs  [51].  The  menis- 
cus force,  which  is  the  product  of  the  meniscus  pressure  and  the  meniscus  area, 
depends  on  the  flow  of  liquid  phase  toward  the  contact  zone.  The  flow  of  the  liquid 
towards  the  contact  zone  is  governed  by  the  capillary  pressure  Pc,  which  draws 
liquid  into  the  meniscus,  and  the  disjoining  pressure  77,  which  tends  to  draw  the 
liquid  away  from  the  meniscus.  Based  on  the  Young-Laplace  equation,  the  capil- 
lary pressure  Pc  is 


2tcy, 


(19.3) 
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Fig.  19.12    (a)  Schematic  of 
a  single  asperity  in  contact 
with  a  smooth  flat  surface  in 
the  presence  of  a  continuous 
liquid  film  when  (j>  is  large, 
(b)  Results  of  the  single- 
asperity  model.  Effect  of 
viscosity  of  the  liquid,  radius 
of  the  asperity,  and  film 
thickness  is  studied  with 
respect  to  the  time-dependent 
meniscus  force  (after  [51]) 
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where  2k  is  the  mean  meniscus  curvature  (=  K\  +  k2,  where  ;c  and  k2  are  the 
curvatures  of  the  meniscus  in  the  contact  plane  and  perpendicular  to  the  contact 
plane).  Mate  and  Novotny  [6]  have  shown  that  the  disjoining  pressure  decreases 
rapidly  with  increasing  liquid  film  thickness  in  a  manner  consistent  with  a  strong 
van  der  Waals  attraction.  The  disjoining  pressure  n  for  these  liquid  films  can  be 
expressed  as 


n 


6nh3 ' 


(19.4) 


where  A  is  the  Hamaker  constant  and  h  is  the  liquid  film  thickness.  The  driving 
forces  that  cause  the  lubricant  flow  that  result  in  an  increase  in  the  meniscus  force 
are  the  disjoining  pressure  gradient  due  to  a  gradient  in  film  thickness  and  the 
capillary  pressure  gradient  due  to  the  curved  liquid-air  interface.  The  driving  pres- 
sure P  can  then  be  written  as 


P  =  -2ny  -  n. 


(19.5) 


Based  on  these  three  basic  relationships,  the  following  differential  equation  has 
been  derived  by  Chilamakuri  and  Bhushan  [51]  to  describe  the  meniscus  at  time  t 


27ixo    D 


hi 


dxo      Inh^y  ( 1  +  cos  9)      Axq 


2R         J   dt         3t7    D  +  a-ho 
where  i]  is  the  viscosity  of  the  liquid  and  a  is  given  by 


3rjh 


cot  a, 


(19.6) 


a=R(l-cm<l>)K-j-K^. 


(19.7) 


The  differential  equation  (19.6)  was  solved  numerically  using  Newton's  itera- 
tion method.  The  meniscus  force  at  any  time  t  less  than  the  equilibrium  time  is 
proportional  to  the  meniscus  area  and  the  meniscus  pressure  (2k7),  and  is  given  by 


fm(t)  =  2nRy(l+cos6) 


-I  2 


-V() 


(*0)e 


where  (x0)eq  is  the  value  of  Xq  at  the  equilibrium  time 


[(*0)e 


2R 


-6nh\(\  +cos#) 


{h0  -  D) 


(19.8) 


(19.9) 


This  modeling  work  (on  the  microscale)  showed  that  the  meniscus  force  initially 
increases  logarithmically  with  the  rest  time  up  to  a  certain  equilibrium  time,  after 
which  it  remains  constant.  This  equilibrium  time  decreases  with  increasing  liquid 
film  thickness,  decreasing  viscosity,  and  decreasing  tip  radius  (Fig.  19.12b).  This 
early  numerical  modeling  work  and  the  data  at  the  nanoscale  in  Fig.  19.11a  are  in 
good  agreement. 
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Velocity  Effect 

To  investigate  the  effect  of  velocity  on  friction  and  adhesion,  the  friction  force 
versus  normal  load  relationships  of  Si(100),  Z-15,  and  Z-DOL  (fully  bonded) 
at  different  velocities  were  measured  (Fig.  19.13)  [26].  Based  on  these  data,  the 
adhesive  force  and  coefficient  of  friction  values  can  be  calculated  by  using  (19.1). 
The  variation  of  friction  force,  adhesive  force,  and  coefficient  of  friction  of  Si(100), 
Z-15,  and  Z-DOL  (fully  bonded)  as  a  function  of  velocity  are  summarized  in 
Fig.  19.14,  indicating  that,  for  Si(100),  the  friction  force  decreases  logarithmically 
with  increasing  velocity.  For  Z-15,  the  friction  force  decreases  with  increasing 
velocity  up  to  10  um/s,  after  which  it  remains  almost  constant.  Velocity  has  very 
little  effect  on  the  friction  force  of  Z-DOL  (fully  bonded),  which  reduces  slightly 
only  at  very  high  velocity.  Figure  19.14  also  indicates  that  the  adhesive  force  of 
Si(100)  is  increased  when  the  velocity  is  >  10  um/s.  The  adhesive  force  of  Z-15  is 
reduced  dramatically  with  a  velocity  increase  up  to  20  um/s,  after  which  it  is 
reduced  slightly,  and  the  adhesive  force  of  Z-DOL  (fully  bonded)  is  also  decreased 
at  high  velocity.  In  the  tested  velocity  range,  only  the  coefficient  of  friction  of 
Si(100)  decreases  with  velocity,  whereas  the  coefficients  of  friction  of  Z-15  and 
Z-DOL  (fully  bonded)  remain  almost  constant.  This  implies  that  the  friction 
mechanisms  of  Z-15  and  Z-DOL  (fully  bonded)  do  not  change  with  velocity. 

The  mechanisms  of  the  effect  of  velocity  on  adhesion  and  friction  can  be 
explained  based  on  the  schematics  shown  in  Fig.  19.14b.  For  Si(100),  tribochemical 
reaction  plays  a  major  role.  Although,  at  high  velocity,  the  meniscus  is  broken  and 
does  not  have  enough  time  to  rebuild,  the  contact  stresses  and  high  velocity  lead  to 
tribochemical  reactions  of  the  Si(100)  wafer  and  Si3N4  tip,  which  have  native  oxide 
(Si02)  layers,  with  water  molecules.  The  following  reactions  occur: 

Si02  +  2H20  ->  Si(OH)4,  (19.10) 

Si3N4  +  16H20  ->  3Si(OH)4  +  4NH4OH.  (19.11) 

The  Si(OH)4  is  removed  and  continuously  replenished  during  sliding.  The  Si(OH)4 
layer  between  the  tip  and  the  Si(100)  surface  is  known  to  have  low  shear  strength 
and  causes  a  decrease  in  the  friction  force  and  coefficient  of  friction  in  the  lateral 
direction  [52-56].  The  chemical  bonds  of  Si-OH  between  the  tip  and  the  Si(100) 
surface  induce  a  large  adhesive  force  in  the  normal  direction.  For  Z-15  film,  at  high 
velocity,  the  meniscus  formed  by  condensed  water  and  Z-15  molecules  is  broken 
and  does  not  have  enough  time  to  rebuild,  therefore  the  adhesive  force  and  con- 
sequently the  friction  force  is  reduced.  For  Z-DOL  (fully  bonded)  film,  the  surface 
can  adsorb  few  water  molecules  under  ambient  conditions,  and  at  high  velocity 
these  molecules  are  displaced,  which  is  responsible  for  the  slight  decrease  in  fric- 
tion force  and  adhesive  force.  Even  in  the  high  velocity  range,  the  friction  mechan- 
isms for  Z-15  and  Z-DOL  (fully  bonded)  films  are  still  shearing  of  the  viscous 
liquid  and  molecular  orientation,  respectively.  Thus  the  coefficients  of  friction  of 
Z-15  and  Z-DOL  (fully  bonded)  do  not  change  with  velocity. 
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Fig.  19.13    Friction  forces  versus  normal  load  data  for  Si(100),  2.8  nm-thick  Z-15  film  and 
2.3  nm-thick  Z-DOL  (fully  bonded)  film  at  various  velocities  in  ambient  air  (after  [26]) 
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Fig.  19.14  (a)  Influence  of  velocity  on  friction  force,  adhesive  force,  and  coefficient  of  friction  of 
Si(100),  2.8  nm-thick  Z-15  film,  and  2.3  nm-fhick  Z-DOL  (fully  bonded)  film  at  70  nN  in  ambient 
air.  (b)  Schematic  showing  the  change  of  surface  composition  (by  tribochemical  reaction)  and 
change  of  meniscus  while  increasing  the  velocity  (after  [26]) 


Koinkar  and  Bhushan  [29,  42]  have  suggested  that,  in  the  case  of  samples  with 
mobile  films  such  as  condensed  water  and  Z-15  films,  alignment  of  liquid  mole- 
cules (shear  thinning)  is  responsible  for  the  drop  in  friction  force  with  increasing 
scanning  velocity.  This  could  be  another  reason  for  the  decrease  in  friction  force 
with  velocity  for  Si(100)  and  Z-15  film  in  this  study. 
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Relative  Humidity  and  Temperature  Effect 

The  influence  of  relative  humidity  (RH)  on  friction  and  adhesion  was  studied  in 
an  environmentally  controlled  chamber.  The  friction  force  was  measured  by 
making  measurements  at  increasing  relative  humidity;  the  results  are  presented  in 
Fig.  19.15  [26],  which  shows  that,  for  Si(100)  and  Z-15  film,  the  friction  force 
increases  with  increasing  relative  humidity  up  to  RH  45%  and  then  shows  a  slight 
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Fig.  19.15  (a)  Influence  of  relative  humidity  (RH)  on  the  friction  force,  adhesive  force,  and 
coefficient  of  friction  of  Si(100),  2.8  nm-thick  Z-15  film,  and  2.3  nm-thick  Z-DOL  (fully  bonded) 
film  at  70  nN,  2  um/s,  and  in  22°C  air.  Schematic  (b)  shows  the  change  of  meniscus  while 
increasing  the  relative  humidity.  In  this  figure,  the  thermally  treated  Si(100)  represents  the  Si 
(100)  wafer  that  was  baked  at  150°C  for  1  h  in  an  oven  (in  order  to  remove  the  adsorbed  water)  just 
before  it  was  placed  in  the  0%  RH  chamber  (after  [26]) 
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decrease  with  further  increase  in  relative  humidity.  Z-DOL  (fully  bonded)  has 
a  smaller  friction  force  than  Si(100)  and  Z-15  over  the  whole  testing  range,  and 
its  friction  force  shows  a  relative  apparent  increase  when  the  relative  humidity  is 
above  RH  45%.  For  Si(100),  Z-15,  and  Z-DOL  (fully  bonded),  the  adhesive  forces 
increase  with  relative  humidity,  and  their  coefficients  of  friction  increase  with 
relative  humidity  up  to  RH  45%,  after  which  they  decrease  with  further  increase 
of  relative  humidity.  It  is  also  observed  that  the  effect  of  humidity  on  Si(100)  really 
depends  on  the  history  of  the  Si(100)  sample.  As  the  surface  of  Si(100)  wafer 
readily  adsorbs  water  from  the  air,  without  any  pretreatment  the  Si(100)  used  in  our 
study  almost  reaches  its  saturated  stage  of  adsorbing  water,  which  is  responsible  for 
the  smaller  effect  with  increasing  relative  humidity.  However,  if  the  Si(100)  wafer 
was  thermally  treated  by  baking  at  150°C  for  1  h,  a  larger  effect  was  observed. 

The  schematic  in  Fig.  19.15b  shows  that  Si(100),  because  of  its  high  free  surface 
energy,  can  adsorb  more  water  molecules  with  increasing  relative  humidity.  As  dis- 
cussed earlier,  for  Z-15  film  in  a  humid  environment,  the  condensed  water  from  the 
humid  environment  competes  with  the  lubricant  film  present  on  the  sample  surface. 
Obviously,  more  water  molecules  also  can  be  adsorbed  on  Z-15  surface  with  increasing 
relative  humidity.  The  increase  in  adsorbed  water  molecules  in  the  case  of  Si(100),  along 
with  lubricant  molecules  in  the  case  of  Z-15  film,  results  in  a  larger  water  meniscus, 
which  leads  to  an  increase  of  friction  force,  adhesive  force,  and  coefficient  of  friction  of 
Si(100)  and  Z-15  with  humidity.  However,  at  a  very  high  humidity  (RH  70%),  large 
quantities  of  adsorbed  water  can  form  a  continuous  water  layer  that  separates  the  tip  and 
sample  surface  and  acts  as  a  kind  of  lubricant,  which  causes  a  decrease  in  the  friction 
force  and  coefficient  of  friction.  For  Z-DOL  (fully  bonded)  film,  because  of  its  hydro- 
phobic surface  properties,  water  molecules  can  be  adsorbed  and  cause  an  increase  in  the 
adhesive  force  and  friction  force  only  at  high  humidity  (RH  >45%). 

The  effect  of  temperature  on  friction  and  adhesion  was  studied  using  a  thermal 
stage  attached  to  the  AFM.  The  friction  force  was  measured  by  making  measure- 
ments at  increasing  temperature  from  22°C  to  125°C.  The  results  are  presented 
in  Fig.  19.16  [26],  which  shows  that  the  increasing  temperature  causes  a  decrease 
of  friction  force,  adhesive  force,  and  coefficient  of  friction  of  Si(100),  Z-15, 
and  Z-DOL  (fully  bonded).  The  schematic  in  Fig.  19.16b  indicates  that,  at  high 
temperature,  desorption  of  water  leads  to  a  decrease  of  friction  force,  adhesive 
force,  and  coefficient  of  friction  for  all  of  the  samples.  Besides  that,  the  reduction  of 
the  surface  tension  of  water  also  contributes  to  the  decrease  of  friction  and  adhe- 
sion. For  Z-15  film,  the  reduction  of  viscosity  at  high  temperature  makes  an 
additional  contribution  to  the  decrease  of  friction.  In  the  case  of  Z-DOL  (fully 
bonded)  film,  molecules  are  more  easily  oriented  at  high  temperature,  which  may 
also  be  responsible  for  the  low  friction. 

Using  a  surface  force  apparatus,  Yoshizawa  and  Israelachvili  [57]  and  Yoshizawa 
et  al.  [58]  have  shown  that  a  change  in  the  velocity  or  temperature  induces  phase 
transformation  (from  crystalline  solid-like,  to  amorphous,  then  to  liquid-like)  in 
surfactant  monolayers,  which  is  responsible  for  the  observed  changes  in  the  friction 
force.  Stick-slip  is  observed  in  the  low-velocity  regime  of  a  few  um/s,  and  adhesion 
and  friction  first  increase,  followed  by  a  decrease  in  the  temperature  range  0-50°C. 
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Fig.  19.16  (a)  Influence  of  temperature  on  the  friction  force,  adhesive  force,  and  coefficient  of 
friction  of  Si(100),  2.8  nm-thick  Z-15  film,  and  2.3  nm-thick  Z-DOL  (fully  bonded)  film  at  70  nN, 
at  2  um/s,  and  in  RH  40-50%  air.  (b)  Schematic  showing  that,  at  high  temperature,  desoiption  of 
water  decreases  the  adhesive  forces,  and  the  reduced  viscosity  of  Z-15  leads  to  the  decrease 
of  coefficient  of  friction.  High  temperature  facilitates  orientation  of  molecules  in  Z-DOL  (fully 
bonded)  film,  which  results  in  lower  coefficient  of  friction  (after  [26]) 

Stick-slip  at  low  velocity,  and  adhesion  and  friction  curves  peaking  at  some 
particular  temperature  (observed  in  their  study),  have  not  been  observed  in  the 
AFM  study.  This  suggests  that  the  phase  transformation  may  not  happen  in  this 
study.  This  is  because  PFPEs  generally  have  very  good  thermal  stability  [3,  10]. 

As  a  brief  summary,  the  influence  of  velocity,  relative  humidity,  and  temperature 
on  the  friction  force  of  Z-15  film  is  presented  in  Fig.  19.17.  The  changing  trends  are 
also  addressed  in  this  figure. 
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Fig.  19.17    Schematic 
showing  the  change  of 
friction  force  of  molecularly 
thick  Z-15  films  with  log 
velocity,  relative  humidity, 
and  temperature  (after  [26]) 
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The  tip  radius  and  relative  humidity  affect  adhesion  and  friction  for  unlubricated 
and  lubricated  surfaces  [43,  44].  Figure  19.18a  shows  the  variation  of  single-point 
adhesive  force  measurements  as  a  function  of  tip  radius  on  a  Si(100)  sample  for 
several  humidities.  The  adhesive  force  data  are  also  plotted  as  a  function  of 
relative  humidity  for  various  tip  radii.  Figure  19.18a  indicates  that  the  tip  radius 
has  little  effect  on  the  adhesive  forces  at  low  humidity,  but  the  adhesive  force 
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increases  with  tip  radius  at  high  humidity.  The  adhesive  force  also  increases  with 
increasing  humidity  for  all  tips.  The  trend  in  adhesive  forces  as  a  function  of  tip 
radii  and  relative  humidity  (Fig.  19.18a)  can  be  explained  by  the  presence  of 
meniscus  forces,  which  arise  from  the  capillary  condensation  of  water  vapor  from 
the  environment.  If  enough  liquid  is  present  to  form  a  meniscus  bridge,  the 
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Fig.  19.18  Adhesive  force  and  coefficient  of  friction  as  a  function  of  tip  radius  at  several 
humidities  and  as  a  function  of  relative  humidity  at  several  tip  radii  on  (a)  Si(100)  and 
(b)  0.5  nm  Z-DOL  (fully  bonded)  films  (after  [43]) 
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meniscus  force  should  increase  with  increasing  tip  radius  based  on  (19.2).  This 
observation  suggests  that  the  thickness  of  the  liquid  film  at  low  humidity  is 
insufficient  to  form  continuous  meniscus  bridges  to  affect  adhesive  forces  in  the 
case  of  all  tips. 

Figure  19.18a  also  shows  the  variation  of  the  coefficient  of  friction  as  a 
function  of  tip  radius  at  a  given  humidity  and  as  a  function  of  relative  humidity 
for  a  given  tip  radius  on  the  Si(100)  sample.  It  can  be  observed  that,  for  RH  0%, 
the  coefficient  of  friction  is  about  the  same  for  all  the  investigated  tip  radii  except 
the  largest  one,  which  shows  a  higher  value.  At  all  other  humidities,  the  trend 
consistently  shows  that  the  coefficient  of  friction  increases  with  tip  radius.  An 
increase  in  friction  with  tip  radius  at  low  to  moderate  humidity  arises  from 
increased  contact  area  (i.e.,  higher  van  der  Waals  forces)  and  higher  values  of 
shear  forces  required  for  the  larger  contact  area.  At  high  humidity,  similar  to  the 
adhesive  force  data,  an  increase  with  tip  radius  occurs  because  of  both  contact 
area  and  meniscus  effects.  It  can  be  seen  that,  for  all  tips,  the  coefficient  of  friction 
increases  with  humidity  up  to  about  RH  45%,  beyond  which  it  starts  to  decrease. 
This  is  attributed  to  the  fact  that,  at  higher  humidity,  the  adsorbed  water  film  on 
the  surface  acts  as  a  lubricant  between  the  two  surfaces  [26].  Thus  the  interface  is 
changed  at  higher  humidity,  resulting  in  lower  shear  strength  and  hence  lower 
friction  force  and  coefficient  of  friction. 

Figure  19.18b  shows  adhesive  forces  as  a  function  of  tip  radius  and  relative 
humidity  on  Si(100)  coated  with  a  0.5  nm-thick  Z-DOL  (fully  bonded)  film. 
Adhesive  forces  for  all  the  tips  with  the  Z-DOL  (fully  bonded)  lubricated  sample 
are  much  lower  than  those  measured  for  unlubricated  Si(100)  (Fig.  19.18a).  The 
data  also  show  that,  even  at  a  monolayer  thickness  of  the  lubricant,  there  is  very 
little  variation  in  adhesive  forces  with  tip  radius  at  a  given  humidity.  For  a  given 
tip  radius,  the  variation  in  adhesive  forces  with  relative  humidity  indicates  that 
these  forces  increase  slightly  from  RH  0%  to  RH  45%,  but  remain  more  or  less  the 
same  with  further  increase  in  humidity.  This  is  seen  even  with  the  largest  tip, 
which  indicates  that  the  lubricant  is  indeed  hydrophobic;  there  is  some  meniscus 
formation  at  humidity  above  RH  0%,  but  it  is  minimal  and  does  not  increase 
appreciably  even  up  to  RH  65%.  Figure  19.18b  also  shows  the  coefficient  of 
friction  for  various  tips  at  different  humidities  for  the  Z-DOL  (fully  bonded) 
lubricated  sample.  Again,  all  the  values  obtained  with  the  lubricated  sample  are 
much  lower  than  those  obtained  on  unlubricated  Si(100)  (Fig.  19.18a).  The 
coefficient  of  friction  increases  with  tip  radius  for  all  tested  humidities,  as  was 
seen  on  unlubricated  Si(100),  due  to  an  increase  in  the  contact  area.  Similar  to  the 
adhesive  forces,  there  is  an  increase  in  friction  from  RH  0%  to  RH  45%  due  to  a 
contribution  from  an  increased  number  of  menisci  bridges.  However,  there  is  very 
little  additional  water  film  forming  due  to  the  hydrophobicity  of  the  Z-DOL  (fully 
bonded)  layer  thereafter,  and  consequentially  the  coefficient  of  friction  does  not 
change  appreciably,  even  with  the  largest  tip.  These  findings  show  that  even  a 
monolayer  of  Z-DOL  (fully  bonded)  offers  good  hydrophobic  performance  of  the 
surface. 
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Wear 


To  study  the  durability  of  lubricant  films  at  the  nanoscale,  the  friction  of  Si(100), 
Z-15,  and  Z-DOL  (fully  bonded)  as  a  function  of  number  of  scanning  cycles  was 
measured  (Fig.  19.19)  [26].  As  observed  earlier,  the  friction  force  of  Z-15  is  higher 
than  that  of  Si(100),  and  Z-DOL  (fully  bonded)  has  the  lowest  value.  During 
cycling,  the  friction  force  of  Si(100)  shows  a  slight  variation  during  the  initial 
few  cycles  then  remains  constant.  This  is  related  to  the  removal  of  the  top  adsorbed 
layer.  In  the  case  of  Z-15  film,  the  friction  force  shows  an  increase  during  the  initial 
few  cycles  and  then  approaches  higher  and  stable  values.  This  is  believed  to  be 
caused  by  the  attachment  of  Z-15  molecules  to  the  tip.  The  molecular  interaction 
between  these  molecules  attached  to  the  tip  and  molecules  of  the  film  surface  is 
responsible  for  the  increase  in  friction.  However,  after  several  scans,  this  molecular 
interaction  reaches  equilibrium,  and  thereafter  the  friction  force  and  coefficient  of 
friction  remain  constant.  In  the  case  of  Z-DOL  (fully  bonded)  film,  the  friction  force 
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Fig.  19.19  (a)  Friction  force  versus  number  of  sliding  cycles  for  Si(100),  2.8  nm-thick  Z-15  film, 
and  2.3  nm-thick  Z-DOL  (fully  bonded)  film  at  70  nN,  0.8  um/s,  and  in  ambient  air.  (b)  Schematic 
showing  that  some  liquid  Z-15  molecules  can  be  attached  onto  the  tip.  The  molecular  interaction 
between  the  molecules  attached  to  the  tip  and  the  Z-15  molecules  in  the  film  results  in  an  increase 
of  the  friction  force  with  multiple  scans  (after  [26]) 
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Fig.  19.20    Wear  depth  as 
a  function  of  normal  load 
using  a  diamond  tip  for 
Si(100),  2.9nm-thickZ-15 
film,  and  2.3  nm-thick 
Z-DOL  (fully  bonded)  after 
one  cycle  (after  [29]) 
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starts  out  low  and  remains  low  during  the  entire  test  for  100  cycles.  This  suggests 
that  Z-DOL  (fully  bonded)  molecules  do  not  become  attached  or  displaced  as 
readily  as  those  of  Z-15. 

Koinkar  and  Bhushan  [29, 42]  conducted  wear  studies  using  a  diamond  tip  at  high 
loads.  Figure  19.20  shows  plots  of  wear  depth  as  a  function  of  normal  force,  and 
Fig.  19.21  shows  wear  profiles  of  the  worn  samples  at  40  (iN  normal  load.  The 
2.3  nm-thick  Z-DOL  (fully  bonded)  lubricated  sample  exhibits  better  wear  resis- 
tance than  the  unlubricated  and  2.9  nm-thick  Z-15  lubricated  silicon  samples.  The 
wear  resistance  of  the  Z-15  lubricated  sample  is  little  better  than  that  of  the 
unlubricated  sample.  The  Z-15  lubricated  sample  shows  debris  inside  the  wear 
track.  Since  Z-15  is  a  liquid  lubricant,  the  debris  generated  is  held  by  the  lubricant, 
which  becomes  sticky  and  moves  inside  the  wear  track,  causing  damage  (Fig.  19.20). 
These  results  suggest  that  Z-DOL  (fully  bonded)  exhibits  better  wear  resistance  of 
the  substrate  as  compared  with  Z-15. 

To  study  the  effect  of  the  degree  of  chemical  bonding,  durability  tests  were 
conducted  on  both  fully  bonded  and  partially  bonded  Z-DOL  films.  Durability 
results  for  Z-DOL  (fully  bonded)  and  Z-DOL  bonded  and  unwashed  (partially 
bonded)  (a  partially  bonded  film  that  contains  both  bonded  and  mobile-phase 
lubricants)  with  different  film  thicknesses  are  shown  in  Fig.  19.22  [42].  Thicker 
films,  such  as  Z-DOL  (partially  bonded)  with  a  thickness  of  4.0  nm  (bonded/ 
mobile  =  2.3  nm/1.7  nm),  exhibit  behavior  similar  to  that  of  2.3  nm-thick 
Z-DOL  (fully  bonded)  film.  Figure  19.22  also  indicates  that  Z-DOL  (fully 
bonded)  and  Z-DOL  (partially  bonded)  films  with  thinner  film  thickness  exhibit 
higher  friction  values.  Comparing  1.0  nm-thick  Z-DOL  (fully  bonded)  with 
3.0  nm-thick  (bonded/mobile  =1.0  nm/2.0  nm)  Z-DOL  (partially  bonded),  the 
Z-DOL  (partially  bonded)  film  exhibits  lower  and  stable  friction  values.  This  is 
because  the  mobile  phase  on  the  surface  acts  as  a  source  of  lubricant  replenish- 
ment. Similar  conclusions  have  also  been  reported  by  Ruhe  et  al.  [28],  Bhushan 
and  Zhao  [14],  and  Eapen  et  al.  [59].  All  of  them  indicate  that  using  partially 
bonded  Z-DOL  films  can  dramatically  reduce  friction  and  improve  wear  life. 
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Fig.  19.21    Wear  profiles 
for  Si(100),  2.9  nm-thick 
Z-15  film,  and  2.3  nm-thick 
Z-DOL  (fully  bonded) 
film  after  wear  studies  using 
a  diamond  tip.  Normal  force 
used  and  wear  depths  are 
listed  in  the  figure  (after  [29]) 
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Fig.  19.22    Friction  force 
as  a  function  of  number  of 
cycles  using  a  Si3N4  tip  at 
a  normal  load  of  300  nN  for 
Z-DOL  (fully  bonded)  and 
Z-DOL  (partially  bonded) 
films  with  different  film 
thicknesses  (after  [42]) 
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19.3     Nanotribological,  Electrical,  and  Chemical  Degradations 
Studies  and  Environmental  Effects  in  Novel  PFPE 
Lubricant  Films 

Electrical  properties  of  lubricant  films  are  of  interest  in  various  MEMS/NEMS 
applications.  Changes  in  the  surface  potential  and  electrical  resistance  can  be  mea- 
sured during  sliding  using  an  AFM  [20,  21,  25,  45,  46,  60,  61].  These  techniques 
are  also  useful  for  wear  detection  and  for  studying  the  initiation  of  wear  [19,  60]. 
Palacio  and  Bhushan  [45,  46,  61]  carried  out  nanotribological  studies  on  various 
novel  PFPE  lubricant  films  and  monitored  the  electrical  properties  as  well.  Chemi- 
cal degradation  studies  and  environmental  effects  on  various  PFPE  lubricant  films 
on  a  Si(100)  wafer  and  magnetic  tapes  coated  with  amorphous  (diamond-like) 
carbon  were  carried  out  in  a  macroscale  configuration  by  Tao  and  Bhushan  [62], 
Bhushan  and  Tao  [63],  and  Bhushan  et  al.  [64]. 

Structure  and  properties  of  several  novel  PFPE  lubricants  commonly  used  in 
the  lubrication  of  magnetic  rigid  disks  -  Z-TETRAOL  2000  and  A20H-2000  -  are 
presented  in  Table  19.2  [62].  Z-DOL  2000  is  also  included  for  comparison. 
Z-TETRAOL  (Solvay  Solexis  Inc.)  is  a  derivate  of  PFPE.  The  backbone  of 
Z-TETRAOL  is  the  same  as  that  of  the  conventional  PFPE  lubricant  Z-DOL 
(Solvay  Solexis  Inc.)  described  earlier.  The  difference  between  Z-TETRAOL 
and  Z-DOL  is  that  Z-TETRAOL  has  two  hydroxyl  groups  at  each  end  while  Z- 
DOL  has  one  hydroxyl  group  at  each  end.  It  is  believed  that  the  two  hydroxyl 
bonds  will  lead  to  stronger  interaction  with  the  substrate.  However,  the  Z-TET- 
RAOL lubricant  film  is  less  mobile  because  of  its  higher  viscosity,  which  may 
lead  to  lower  durability.  A20H  (Moresco,  Japan)  is  a  PFPE  lubricant  with  a 
cyclotriphosphazene  group  at  one  end  and  a  hydroxyl  group  at  the  other  end. 
The  backbone  of  A20H  is  also  the  same  as  that  of  Z-DOL.  Phosphazene  lubricants 
(such  as  Xl-P)  have  been  used  as  additives  in  the  data-storage  industry  because 
they  exhibit  better  durability  in  high-humidity  environments  [12,  14].  It  is 
believed    that    Xl-P    coats    the    mating    surface    and    makes    it    hydrophobic, 

Table  19.2  Chemical  structures  and  selected  properties  of  several  PFPE  lubricants  (data  obtained 
from  manufacturers'  data  sheet) 
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minimizing  stiction  and  improving  durability.  Studies  have  shown  that  A20H 
exhibits  less  thinning  or  reduced  mobility  during  drive  rotation  [62].  The  durabil- 
ity of  these  less  mobile  lubricants  could  be  less  than  that  of  the  highly  mobile  Z  - 
DOL  +  XI  -  P  systems.  A  mixture  of  Z-DOL  and  A20H  is  known  to  provide 
longer  durability  and  good  performance  at  high  humidity. 

The  lubricants  were  applied  on  single-crystal  Si(100)  with  a  native  oxide 
layer  on  the  surface  using  the  dip-coating  technique  by  Tao  and  Bhushan  [62] 
and  Palacio  and  Bhushan  [45].  The  wafer  was  ultrasonicated  in  acetone  followed 
by  methanol  for  10  min  each.  This  was  then  followed  by  soaking  in  the  solvent 
HFE  7100  (3M,  St.  Paul,  MN),  which  consists  of  isomers  of  methoxynonafluor- 
obutane  (C4F9OCH3).  The  cleaned  wafer  was  submerged  vertically  into  a  beaker 
containing  a  dilute  solution  of  the  lubricant  in  HFE  7100  for  10  min  and  then 
pulled  out.  The  lubricated  sample  used  without  post  thermal  treatment  is  referred 
to  as  untreated.  Partially  bonded  samples  were  prepared  by  heating  at  150°C  for 
30  min  after  dip-coating,  while  the  fully  bonded  samples  were  heated  at  150°C  for 
30  min  and  washed  in  HFE  7100  solvent  to  remove  the  mobile  fraction.  The 
lubricant-coated  silicon  samples  were  then  measured  with  an  ellipsometer;  the 
coating  thickness  was  found  to  be  w  1,3,  and  7  nm  for  the  fully  bonded,  partially 
bonded,  and  untreated  samples,  respectively.  A  schematic  of  the  bonding  of  the  Z- 
DOL,  Z-TETRAOL,  and  A20H  end  groups  to  the  silicon  substrate  is  shown  in 
Fig.  19.23. 


19.3.1     Nanotribological  Studies 

Adhesive  force  and  coefficient  of  friction  measurements  were  made  using  an  AFM; 
the  results  are  presented  in  Fig.  19.24  [45].  The  lubricant-coated  samples  have 
reduce  adhesion  compared  with  the  uncoated  silicon.  The  adhesive  forces  measured 
on  the  partially  bonded  lubricant  films  are  higher  than  the  data  from  their  fully 
bonded  counterparts.  As  discussed  earlier,  the  mobile  fraction  on  the  surface  of  the 
partially  bonded  sample  facilitates  the  formation  of  a  meniscus,  which  increases 
the  tip-surface  adhesion.  All  of  the  lubricant-coated  samples  exhibit  a  reduction  in 
the  coefficient  of  friction  relative  to  the  uncoated  silicon.  The  partially  bonded 
samples  have  a  lower  coefficient  of  friction  compared  with  the  fully  bonded 
samples,  implying  that  the  mobile  lubricant  molecules  in  the  former  facilitate 
sliding  of  the  tip  on  the  surface.  This  will  be  analyzed  in  more  detail  in  the 
following  subsection  in  the  context  of  wear,  which  was  monitored  using  surface 
potential  and  resistance  measurements. 

Palacio  and  Bhushan  [46]  studied  the  effect  of  relative  humidity  and  temperature 
on  the  friction  and  adhesion  of  novel  PFPE  films  deposited  on  magnetic  tapes 
coated  with  amorphous  (diamond-like)  carbon.  The  trends  were  similar  to  that 
reported  earlier  in  Sect.  19.2.2. 
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Fig.  19.23    Schematics  of 
Z-DOL,  Z-TETRAOL,  and 
A20H  molecules  bonded 
onto  Si  substrate 
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Fig.  19.24    Summary  of  the 
adhesive  force  and  coefficient 
of  friction  of  Si(100), 
Z-TETRAOL,  A20H,  and 
Z-TETRAOL  +  A20H  films 
at  room  temperature  (22°C) 
and  ambient  air  (45-55%  RH) 
(after  [45]) 
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19.3.2     Wear  Detection  by  Surface  Potential  Measurements 

Wear  experiments  were  performed  on  the  lubricated  surfaces  using  a  diamond  tip 
over  a  5  x  5  um  region  at  a  load  of  10  u.N  for  20  cycles.  Figure  19.25a  shows 
surface  height  and  surface  potential  images  for  the  fully  and  partially  bonded 
lubricants  [45].  The  corresponding  images  for  the  uncoated  silicon  substrate  are 
shown  for  comparison.  It  can  be  seen  from  these  images  that  debris  is  generated 
around  the  wear  region  for  all  coatings  tested.  More  wear  debris  is  observed  for  the 
fully  bonded  samples  than  for  the  partially  bonded  samples.  Samples  with  the  fully 
bonded  lubricant  have  limited  wear  protection  compared  with  those  with  partially 
bonded  lubricants  because  the  former  has  only  immobile  molecules,  while  the  latter 
has  both  immobile  and  mobile  molecules.  The  mobile  fraction  of  the  lubricant  can 
replenish  the  surface,  i.e.,  it  can  move  to  the  worn  area  and  protect  it  after  the 
immobile  lubricant  molecules  have  been  displaced  from  the  surface  after  repeated 
rubbing.  Since  the  partially  bonded  films  are  thicker  than  the  fully  bonded  films, 
additional  wear  protection  is  attributed  to  a  thickness  effect. 

Figure  19.25b  presents  a  bar  chart  showing  surface  potential  changes  for  various 
samples.  The  surface  potential  of  the  area  subjected  to  the  wear  test  increased,  an 
effect  which  is  more  prominent  in  the  fully  bonded  samples.  The  partially  bonded 
samples  exhibited  a  smaller  change  in  surface  potential,  indicating  less  wear.  These 
findings  should  be  correlated  to  the  result  of  the  wear  test  on  the  uncoated  silicon 
sample,  where  the  increase  in  surface  potential  is  well  understood.  The  Kelvin 
probe  method  measures  the  surface  potential  difference  between  the  tip  and  sample, 
which  pertains  to  differences  in  the  work  functions  between  these  two  materials. 
For  conducting  and  semiconducting  materials,  the  mechanism  is  as  follows.  The 
surface  potential  is  altered  during  physical  wear  because  the  Fermi  energy  level  is 
altered.  This  is  the  energy  required  to  remove  an  electron  to  a  point  just  outside  the 
material  surface.  Thermodynamic  equilibrium  is  disrupted  with  a  change  in  the 
Fermi  level,  and  can  only  be  restored  by  the  flow  of  electrons  either  into  or  from 
the  area  subjected  to  wear.  This  mechanism  does  not  apply  to  materials  such  as 
SiC>2  (naturally  present  as  a  thin  layer)  and  the  lubricants,  which  are  both  insulators. 
Physical  wear  on  these  materials  would  not  cause  a  change  in  the  surface  potential 
because  charge  dissipation  is  poor.  Therefore,  a  considerable  surface  potential 
change  would  be  observed  only  when: 

1.  The  lubricant  has  been  fully  removed  from  the  substrate 

2.  The  native  SiC>2  layer  has  been  abraded  from  the  surface 

3.  Wear  has  caused  subsurface  structural  changes 

However,  for  insulators  such  as  the  lubricant,  electrostatic  charges  are  intro- 
duced as  it  comes  into  contact  with  a  material  with  a  dissimilar  electron  affinity  (the 
diamond  tip)  during  the  wear  test.  The  charges  on  the  insulating  lubricant  surface 
have  low  mobility  and  would  eventually  dissipate  into  the  ambient  environment.  In 
the  presence  of  debris,  the  electrostatic  charges  become  localized  and  may  get 
trapped  (as  debris  particles  are  mostly  isolated),  causing  an  increase  in  the  surface 
potential  of  the  debris  that  formed  around  the  worn  area. 
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Fig.  19.25  (a)  Surface  height  and  surface  potential  maps  of  the  coatings  under  investigation  after 
wear  testing.  Brighter  areas  correspond  to  higher  values  of  both  the  height  and  surface  potential 
change,  (b)  Bar  chart  showing  surface  potential  change  (after  [45]) 
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19.3.3     Wear  Detection  by  Electrical  Resistance  Measurements 
ofZ-TETRAOL  and  the  Effect  of  Cycling 

For  electrical  resistance  measurements,  lubricant  films  were  applied  on  evaporated 
Au  film  deposited  on  a  Si  substrate.  The  silicon  wafer  used  in  the  experiments  is 
lightly  doped,  and  it  was  coated  with  Au  so  that  a  metal-metal  contact  would  be 
attained  once  the  lubricant  was  removed.  PFPE  is  insulating.  Figure  19.26  presents 
surface  height  and  resistance  images  for  a  fully  bonded  Z-TETRAOL  coating  on  Au 
by  using  a  scanning  spreading  resistance  microscopy  (SSRM)  attachment  in  an 
AFM.  For  comparison,  another  set  of  tests  was  conducted  on  the  same  sample  and 
the  postwear  surface  potential  images  were  obtained  and  are  shown  in  the  same 
figure.  The  Au  surface  is  expected  to  have  a  low  resistance  (corresponding  to  darker 
areas  in  the  resistance  map),  while  the  lubricant  should  have  high  resistance  (lighter 
areas)  as  it  is  an  insulator.  The  surface  height  images  show  a  small  amount  of  wear 
after  one  and  five  cycles.  In  both  cases,  the  resistance  images  are  featureless,  which 
implies  that  the  lubricant  is  still  present,  and  the  Au  is  not  yet  exposed.  A  surface 
potential  increase  is  observed,  which  is  attributed  to  electrostatic  charge  buildup, 
but  this  does  not  imply  full  lubricant  removal  since  the  resistance  of  the  test  area 
remains  unchanged  up  to  this  point.  After  20  cycles,  the  contact  resistance  in  the 
tested  area  suddenly  decreases,  which  indicates  exposure  of  the  underlying  Au. 
The  wear  debris  has  the  same  resistance  as  the  unworn  lubricant,  indicating  that 
the  current  flow  is  influenced  by  the  inherent  difference  in  conductivity  between  the 
probe  tip  and  the  material  it  is  in  contact  with. 

During  the  scan  of  the  area  subjected  to  the  wear  test,  the  current  measured  by  the 
SSRM  sensor  corresponds  to  the  contact  resistance  between  the  metal-coated  tip  and 
the  sample.  The  spreading  resistance  of  the  electric  current  flowing  within  the  semi- 
conductor sample  is  not  measured  because  this  is  only  present  when  there  is  direct 
contact  between  the  metal-coated  tip  and  a  highly  doped  semiconductor  sample. 

Because  the  lubricant  is  very  soft,  some  signal  instability  could  occur.  This 
comes  about  from  possible  tip  contamination  by  the  lubricant  as  well  as  plowing 
of  wear  debris  during  the  scan.  Since  this  AFM-based  resistance  measurement  is 
a  contact  technique,  contamination  and  plowing  are  more  likely  to  occur  compared 
with  the  surface  potential  measurement,  which  is  a  tapping  technique.  However, 
this  technique  is  of  interest  because  it  provides  information  complementary  to  the 
Kelvin  probe  method  in  measuring  the  extent  of  wear  of  conducting  films  and 
lubricants,  which  are  materials  that  can  potentially  be  used  in  MEMS/NEMS 
devices. 


19.3.4    Chemical  Degradation  and  Environmental  Studies 

Tao  and  Bhushan  [62]  carried  out  chemical  degradation  studies  in  a  high-vacuum 
tribotest  apparatus  [41,  65].  In  this  apparatus,  a  lubricated  wafer  mounted  on  a 
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Fig.  19.26  (a)  Surface  height,  contact  resistance,  and  surface  potential  maps  of  fully  bonded 
Z-TETRAOL  coating  on  Au  as  a  function  of  the  number  of  wear  cycles,  and  (b)  bar  chart  showing 
contact  resistance  and  surface  potential  change  (after  [45]) 
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flexible  cantilever  beam  was  slid  against  an  uncoated  Si(100)  wafer  in  a  macroscale 
configuration.  The  system  was  equipped  with  a  mass  spectrometer  so  that  gaseous 
emissions  from  the  interface  could  be  monitored  in  situ  during  sliding  in  high 
vacuum  and  other  controlled  environments.  The  normal  load  and  friction  force  at 
the  contacting  interface  were  measured  using  resistive-type  strain-gage  transducers. 
For  the  sliding  tests,  the  lubricated  Si(  1 00)  sample  was  glued  onto  a  flat  surface  at  the 
end  of  a  rotating  shaft.  The  sample  was  slid  against  a  Si(  100)  wafer  mounted  on  the  flat 
surface  of  a  slider  integrated  with  a  flexible  cantilever  used  in  magnetic  rigid 
disk  drives.  The  sliding  speed  was  0.3  m/s  and  the  applied  pressure  was  150  kPa. 
The  environmental  effects  were  investigated  in  high  vacuum  (2  x  10~7  Torr),  argon, 
dry  air  (less  than  2%  RH),  ambient  air  (30%  RH),  and  high-humidity  air  (70%  RH). 


Chemical  Degradation  Studies 

The  coefficient  of  friction  and  partial  pressure  of  the  gaseous  products  for  fully 
bonded  Z-DOL,  Z-TETRAOL,  A20H,  Z  -  DOL  +  A20H  (30  vol.%),  and  partially 
bonded  A20H  during  sliding  in  high  vacuum  are  shown  in  Fig.  19.27a-c.  The  result 
for  untreated  Z-DOL  is  also  shown  in  the  figure  for  comparison. 

In  the  tests,  the  sharp  increase  of  friction  indicates  the  failure  of  the  lubricant 
film.  Therefore,  the  durability  of  the  lubricant  film  can  be  obtained  from  the  friction 
curve.  Under  the  normal  pressure  of  150  kPa,  the  untreated  Z-DOL  failed  immedi- 
ately after  sliding.  The  fully  bonded  Z-DOL  began  to  fail  after  sliding  of  js  40  m. 
The  fully  bonded  Z-TETRAOL,  began  to  fail  at  «  80  m.  Fully  bonded  and  partially 
bonded  A20H,  however,  did  not  fail  during  the  100  m  sliding.  The  fully  bonded  Z- 
DOL  +  A20H  (30  vol.%)  failed  immediately  after  sliding.  The  results  show  that 
fully  bonded  Z-TETRAOL  and  A20H  are  more  durable  than  fully  bonded  Z-DOL, 
while  the  untreated  Z-DOL  is  less  durable  than  the  bonded  films.  The  PFPE 
lubricants  can  be  bonded  to  the  applied  surface  through  the  hydroxyl  group. 
Z-TETRAOL,  with  two  hydroxyl  groups  at  each  end  of  the  molecular  chain,  can 
be  bonded  more  tightly  onto  the  silicon  surface  than  Z-DOL.  The  high  durability  of 
A20H,  however,  is  beyond  expectations.  To  further  confirm  the  result,  a  normal 
pressure  of  200  kPa  was  applied  on  partially  bonded  A20H.  At  the  normal  pressure 
of  200  kPa,  the  coefficient  of  friction  was  found  to  increase.  At  the  same  time, 
gaseous  products  were  detected  (Fig.  19.27c).  The  final  coefficient  of  friction  was 
~  0.3,  which  is  lower  than  the  values  (ap;  0.4)  for  the  other  films  after  failure.  This 
could  indicate  that  the  A20H  film  was  only  partially  worn.  The  reason  for  the  lower 
durability  of  Z-DOL  +  A20H  (30  vol.%)  in  high  vacuum  is  not  clear. 

In  the  tests  on  Z-DOL  and  Z-TETRAOL  films,  CF2CF3,  CF2CFO,  CF3,  CF20, 
HCF2,  CF2,  and  CFO  were  found  to  increase  when  friction  increased.  In  the  test  of 
A20H  films,  C6H4CF3,  C6H5CF2,  CF3,  HCF2,  CFO,  P,  and  H2  were  detected.  For 
Z  -  DOL  +  A20H  (30  vol.%),  C6H4CF3,  C6H5CF2,  CF3,  HCF2,  CFO,  P,  and  H2 
were  also  detected  during  sliding.  Degradation  mechanisms  for  Z-DOL  and  various 
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Fig.  19.27  (continued) 


model  lubricants  have  been  studied  by  Zhao  and  Bhushan  [66,  67]  and  Zhao 
et  al.  [68].  Based  on  this  work,  Z-DOL  starts  to  decompose  above  350°C.  In  the 
sliding  conditions  used  here,  it  is  not  likely  that  frictional  heat  could  generate  such  a 
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Fig.  19.27  Coefficients  of  friction  and  mass  spectra  data  on  (a)  untreated  (2.2  nm)  and  fully 
bonded  (2.3  nm)  Z-DOL,  fully  bonded  Z-TETRAOL  (2.6  nm),  (b)  fully  bonded  (0.9  nm)  and 
partially  bonded  (2.3  nm)  A20H,  and  Z  —  DOL  +  A20H  (2.4  nm)  in  high  vacuum  and  under 
150  kPa  normal  pressure,  (c)  partially  bonded  A20H  in  high  vacuum  and  under  200  kPa  normal 
pressure  (after  [62]) 


high  temperature.  The  possibility  of  catalytic  degradation  is  very  low  because  of  the 
small  contact  area.  Triboelectrical  reaction  and  mechanical  scission  are  considered 
to  be  the  dominant  mechanisms  during  the  sliding  of  Si  on  PFPE  films.  Electron 


19     Nanoscale  Boundary  Lubrication  Studies 


499 


emission  is  known  to  occur  during  sliding  for  both  metal  and  nonmetal  surfaces. 
The  interaction  of  electrons  with  PFPE  molecules  could  create  various  radicals 
such  as  CF2-0-CF2-,  CF2-CF2-O-CF2-,  and/or  -CF2-CF3.  These  radicals  can 
decompose  or  react  with  each  other  and/or  the  remaining  PFPE  molecules. 
A  detailed  description  of  triboelectrical  reactions  can  be  found  in  Zhao  et  al.  [68] 
and  Zhao  and  Bhushan  [67]. 

Mechanical  scission  is  another  mechanism  that  can  cause  the  degradation  of 
PFPE  films.  The  PFPE  molecule  has  a  long  linear  chain  structure.  The  C-C 
and  C-O  bonds  in  the  molecular  chain  are  easily  subjected  to  cleaving  by  micro- 
asperities  on  the  rubbing  surfaces,  which  results  in  decomposition  of  the  lubricant 
during  the  sliding  process. 

A  summary  of  the  coefficients  of  friction  and  durability  of  the  tested  lubricants 
in  high  vacuum  is  shown  in  Fig.  19.28.  The  coefficients  of  friction  of  fully  bonded 
Z-DOL  and  Z-TETRAOL  are  lower  than  those  of  untreated  Z-DOL  and  A20H 
in  high  vacuum.  Z-TETRAOL  shows  higher  durability  than  Z-DOL,  while  A20H 
(both  fully  bonded  and  partially  bonded)  shows  even  high  durability  in  high 
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Fig.  19.28    Coefficient  of  friction  (a)  and  durability  comparison  (b)  of  Z-DOL,  Z-TETRAOL, 
A20H,  and  Z  -  DOL  +  A20H  in  high  vacuum  (after  [62]) 
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Environmental  Studies 

The  wear  tests  were  conducted  in  high  vacuum,  argon,  dry  air  (<2%  RH),  air  with 
30%  RH,  and  air  with  70%  RH  [62],  The  normal  pressure  applied  was  150  kPa  for 
all  tested  films,  which  was  the  same  as  in  the  degradation  tests.  Test  results  are 
presented  in  Fig.  19.29.  The  coefficients  of  friction  show  that  friction  and  durability 
vary  with  the  environment.  Z-DOL  films  fail  more  rapidly  in  high  vacuum  than  in 
other  environments.  As  described  in  the  previous  section,  there  are  very  few  foreign 
molecules  on  the  contacting  surfaces  in  high  vacuum.  This  enables  intimate  contact 
between  the  lubricant  film  and  the  counterpart  surface.  A  tendency  for  chemical 
bonding  occurs  between  the  lubricant  film  and  the  counterpart  surface.  In  argon, 
the  Z-DOL  films  exhibited  lower  friction  and  higher  durability  than  in  dry  air.  The 
chemical  effects  of  oxygen  can  influence  the  friction  and  durability  of  the  lubri- 
cant films  [65].  The  water  molecules  at  a  moderate  humidity  level  (ambient  air) 
can  act  as  a  lubricant  between  the  contacting  surfaces.  However,  in  a  high-humidity 
environment,  the  water  molecules  can  penetrate  the  Z-DOL  film  and  result  in  a 
nonuniform  distribution  of  the  Z-DOL  molecules.  The  fully  bonded  Z-DOL  film 
is  less  influenced  by  environment  than  untreated  Z-DOL.  The  reason  is  that  the 
untreated  Z-DOL  has  more  free  hydroxyl  end  groups.  The  water  molecules  in  the 
environment  can  interact  with  the  hydroxyl  group  of  Z-DOL  via  hydrogen  bonding. 

Z-TETRAOL  is  more  durable  than  Z-DOL.  Especially,  a  high-humidity  envi- 
ronment does  not  seem  to  have  negative  effects  on  Z-TETRAOL,  although  it  has 
one  more  hydroxyl  end  group  than  Z-DOL  and  may  attract  more  water  molecules 
at  high  humidity.  This  could  be  because  the  two  hydroxyl  end  groups  provides 
better  attachment  than  for  Z-DOL  on  the  surface.  The  tight  bonding  reduces  the 
probability  of  nonuniform  distribution  of  the  film.  The  coefficient  of  friction  of 
fully  bonded  Z-TETRAOL  is  very  close  to  that  of  fully  bonded  Z-DOL  in  argon 
and  air  with  various  humidity  levels.  In  high  vacuum,  Z-TETRAOL  shows  a  lower 
coefficient  of  friction  than  Z-DOL. 

Both  fully  bonded  and  partially  bonded  A20H  were  very  durable  in  high 
vacuum.  In  argon,  fully  bonded  and  partially  bonded  A20H  did  not  fail  during  the 
100  m  sliding.  In  air  with  various  humidity  levels,  however,  the  fully  bonded  A20H 
failed.  The  durability  is  lower  compared  with  Z-DOL.  This  low  durability  may  be 
caused  by  the  low  thickness  of  the  film,  which  is  only  0.9  nm.  For  the  2.3  nm-thick 
partially  bonded  A20H  film,  the  durability  in  air  with  various  humidity  levels  is 
apparently  improved.  Especially,  at  high  humidity  level,  partially  bonded  A20H 
exhibits  high  durability.  A20H  consists  of  a  phosphazene  group  that  is  large  in 
size  and  protects  the  surface.  Phosphazene  lubricant  has  been  used  as  an  additive 
and  is  known  to  have  high  durability  in  a  high-humidity  environment.  The  coeffi- 
cient of  friction  of  A20H,  however,  is  higher  (5-15%)  than  that  of  Z-DOL  in 
various  environments. 

Z-DOL  +  A20H  (30  vol.%)  shows  low  durability  in  high  vacuum.  In  argon  and 
air  with  various  humidity  levels,  however,  the  film  did  not  fail  during  the  100  m 
sliding.  The  durability  of  the  mixture  is  higher  than  that  of  fully  bonded  Z-DOL. 
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Fig.  19.29  Coefficient  of  friction  data  in  high  vacuum,  argon,  and  air  with  different  humidity 
levels  of  untreated  (2.2  nm)  and  fully  bonded  (2.3  nm)  Z-DOL,  fully  bonded  Z-TETRAOL 
(2.6  nm),  fully  bonded  (0.9  nm)  and  partially  bonded  (2.3  nm)  A20H,  and  Z-DOL  +  A20H 
(2.4  nm)  (after  [62]) 
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Fig.  19.30    Comparison  of  coefficient  of  friction  data  for  Z-DOL,  Z-TETRAOL,  A20H,  and 
Z-DOL  +  A20H  in  high  vacuum,  argon,  and  air  with  different  humidity  levels  (after  [62]) 
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Fig.  19.31  Durability  comparison  for  Z-DOL,  Z-TETRAOL,  A20H,  and  Z-DOL  +  A20H  in 
argon  and  air  with  different  humidity  levels.  A  single-crystal  Si(100)  ball  (1  mm  in  diameter)  was 
used  as  a  slider  on  the  films  (after  [62]) 


The  coefficient  of  friction  of  the  mixture  is  higher  than  that  of  Z-DOL  while  lower 
than  that  of  A20H. 

A  summary  of  the  coefficients  of  friction  before  the  failure  of  the  lubricant  films 
in  various  environments  is  presented  in  Fig.  19.30.  To  summarize  the  highlights, 
Z-TETRAOL  exhibits  higher  durability  than  Z-DOL.  A20H  exhibits  high  durabil- 
ity in  high  vacuum,  in  argon,  and  in  air  with  various  humidity  levels.  The  mixture 
Z-DOL  +  A20H  (vol.%30)  shows  low  durability  in  high  vacuum  but  high  durability 
in  argon  and  air  with  various  humidity  levels. 

In  order  to  investigate  the  durability  of  the  lubricant  films  further,  a  single- 
crystal  Si(  100)  ball  (1  mm  in  diameter,  5  x  10-7  atoms/cm  boron  doped)  was  used 
as  a  slider  on  the  films  to  accelerate  wear.  Tests  were  performed  in  argon,  dry  air, 
ambient  air,  and  high-humidity  air.  The  applied  load  on  the  silicon  ball  was  2.5  g, 
and  the  sliding  speed  was  0.3  m/s.  The  sliding  distance  was  up  to  600  m.  The  results 
are  shown  in  Fig.  19.31.  From  Fig.  19.31,  in  all  environments,  Z-TETRAOL 
exhibits  higher  durability  than  the  other  films.  The  durability  of  A20H  is  slightly 
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lower  than  that  of  Z-TETRAOL  except  in  ambient  air;  both  are  comparable.  Tests 
on  Z-TETRAOL  and  A20H  were  terminated  at  600  m.  Z-DOL  +  A20H  shows 
higher  durability  than  Z-DOL. 


19.4    Nanotribological  and  Electrical  Studies  of  Ionic 
Liquid  Films 

An  ionic  liquid  (IL)  is  a  synthetic  salt  with  a  melting  point  <100°C.  A  room- 
temperature  ionic  liquid  is  a  synthetic  molten  salt  with  melting  point  at  or  below 
room  temperature.  One  or  both  of  the  ions  are  organic  species.  At  least  one  ion  has 
a  delocalized  charge  such  that  the  formation  of  a  stable  crystal  lattice  is  prevented, 
and  the  ions  are  held  together  by  strong  electrostatic  forces.  As  a  result  of  the 
poor  coordination  of  the  ions,  these  compounds  are  liquid  below  100°C  or  even 
at  room  temperature  [20,  21]. 

The  number  of  combinations  of  anions  and  cations  that  can  be  used  to  produce 
ionic  liquids  is  in  the  range  of  one  million.  Typical  cations  include  imidazolium, 
pyridinium,  ammonium,  phosphonium,  and  sulfonium,  as  shown  in  Table  19.3, 
where  "R"  stands  for  an  organic  group.  Typical  anions  are  tetrafluoroborate  (BF4~), 
hexafluorophosphate  (PFg~),  bis(trifluorosulfonyl)  imide  [(CF3S02)2N,  triflamide], 
and  toluene-4-sulfonate  (C7H7O3S,  tosylate)  [69].  Dependent  upon  the  substrate  wet- 
tability and  other  functional  requirements,  a  set  of  cations  and  anions  can  be  com- 
bined. The  ionic  liquids  were  initially  developed  for  use  as  electrolytes  in  batteries 
and  for  electrodeposition.  Recent  applications  have  applied  these  compounds  as 
environmentally  friendly  solvents  for  chemical  synthesis  {green  chemistry),  where 
these  liquids  are  used  as  substitutes  for  conventional  organic  solvents. 

Ionic  liquids  are  considered  as  potential  lubricants.  Their  strong  electrostatic 
bonding,  compared  with  covalently  bonded  fluids,  leads  to  very  desirable  lubrication 


Table  19.3   Typical  cations         lmidazolium 
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Phosphonium  PRj 
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properties.  They  also  possess  desirable  properties  such  as  negligible  volatility,  non- 
flammability,  high  thermal  stability  or  high  decomposition  temperature,  efficient  heat 
transfer  properties,  low  melting  point,  as  well  as  compatibility  with  lubricant  addi- 
tives. Unlike  conventional  lubricants  that  are  electrically  insulating,  ionic  liquids  can 
minimize  the  contact  resistance  between  sliding  surfaces  because  they  are  conduct- 
ing, which  is  needed  for  various  electrical  applications  [23,  24,  25].  These  liquids  can 
also  be  used  to  mitigate  arcing,  which  is  a  cause  of  electrical  breakdown  in  sliding 
electrical  contacts.  In  addition,  ILs  have  high  thermal  conductivity,  which  helps  to 
dissipate  heat  during  sliding.  The  use  of  ionic  liquids  instead  of  hydrocarbon-based 
oils  (such  as  highly  reformed  mineral  oils)  has  the  potential  to  dramatically  reduce  air 
emissions.  Perfiuoropolyethers  (PFPEs)  are  used  in  magnetic  rigid  disk  and  vacuum 
grease  applications  due  to  their  high  thermal  stability  and  extremely  low  vapor  pres- 
sure. However,  from  the  commercial  standpoint,  ionic  liquids  are  cheaper  than  PFPEs 
by  a  factor  of  two  or  so,  providing  the  motivation  for  comparing  the  tribological 
properties  of  the  former  with  the  latter.  ILs  are  being  considered  for  MEMS/NEMS 
applications  because  of  their  high  temperature  stability,  electrical  conductivity,  and 
desirable  lubrication  properties. 

Bhushan  et  al.  [20]  evaluated  ionic  liquids  with  the  hexafluorophosphate  anion 
deposited  on  Si(100)  wafers,  and  these  were  found  to  exhibit  improved  friction  and 
wear  properties  compared  with  conventional  lubricants.  The  films  were  evaluated 
as  untreated,  partially  bonded  (by  heating  at  150°C  for  30  min  after  dip-coating), 
and  fully  bonded  (thermally  treated  and  washed).  Ionic  liquid  containing  the 
octyl  sulfate  anion  has  also  been  developed  and  is  of  interest  due  to  its  resistance 
to  hydrolysis.  Based  on  experience,  anions  are  observed  to  affect  tribological 
performance.  Table  19.4  lists  the  physical  and  thermal  properties  of  a  selected 
ionic  liquid  and  its  properties,  compared  with  the  PFPE  lubricant  Z-TETRAOL. 

The  durability  of  ionic  liquid  films  on  various  metal  and  ceramic  substrates 
has  been  investigated  from  the  standpoint  of  film  formation  (wettability)  and  film 
removal  (friction  and  wear),  where  it  was  found  that  certain  cations  and  anions 
exhibit  better  wetting,  friction  reduction,  and  wear  resistance  properties  [20]. 
In  general,  ionic  liquids  exhibit  better  wettability  on  noble-metal  and  ceramic 
surfaces  than  on  nonnoble-metal  surfaces  [69].  The  flat  imidazolium  cation  shows 
poorer  wettability  compared  with  bulkier  cations  such  as  ammonium  and  sul- 
fonium.  Among  salts  with  the  imidazolium  cation,  the  presence  of  longer  organic 
side-chains  leads  to  reduction  of  the  coefficient  of  friction.  An  anion  effect  is 
also  observed,  where  oxygen-rich  anions  show  better  substrate  wettability  and 
lower  wear  compared  with  other  imidazolium  salts.  Based  on  these  findings,  the 
ionic  liquids  of  interest  are  l-butyl-3-methylimidazolium  hexafluorophosphate 
(BMIM-PF6)  and  l-butyl-3-methylimidazolium  octyl  sulfate  (BMIM-OctS04). 
These  were  studied  by  Bhushan  et  al.  [20],  and  the  former  was  found  to  be  superior 
in  terms  of  tribological  performance.  The  chemical  structures  of  BMIM-PF6  and 
Z-TETRAOL  are  shown  in  Fig.  19.32  for  comparison,  and  a  summary  of  their 
properties  is  presented  in  Table  19.4. 

Some  dicationic  ILs  are  thermally  stable  up  to  400°C  [74].  The  adhesion  and 
friction  properties  of  two  dicationic  IL  films  on  Si(100)  substrate,  based  on  the 
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Table  19.4    Physical,  thermal,  and  electrical  properties  of  BMIM-PF6  and  Z-TETRAOL 


l-Butyl-3-methylimidazolium 

Z-TETRAOL 

hexafluorophosphate  (BMIM- 

PF6) 

Cation 

C8H,5Nj 

- 

Anion 

PF6- 

- 

Molecular  weight  (g/mol) 

284" 

2,300b 

^  melting  I    *-*) 

10c 

- 

*  decomp  K   ^) 

300c 

rs  320b 

Density  (g/cm  ) 

1.37a 

1.75" 

Kinematic  viscosity  (mm  /s) 

281a  (20°C) 
78.7d  (40°C) 

2,000b  (20°C) 

Pour  point  (°C) 

<-50e 

-  67b 

Specific  heat  (J/(g  K)) 

1.44f(25°C) 

«  0.20b  (50°C) 

Thermal  conductivity  at  25°C  (W/(m  K)) 

0.158 

w  0.09b 

Dielectric  strength  at  25°C  (kV/mm) 

- 

«30b 

Volume  resistivity  (SI  cm) 

- 

»  10l3b 

Vapor  pressure  at  20°C  (Torr) 

<1(T9 

5  x  \Q-7b 

Wettability  on  Si 

Moderate0 

- 

Water  contact  angle 

95° 

102° 

Miscibility  with  isopropanol 

Total'1 

- 

Miscibility  with  water 

- 

- 

aMerck  Ionic  Liquids  Database,  Darmstadt  (http://ildb.merck.de/ionicliquids/en/startpage.htm) 
Z-TETRAOL  data  sheet,  Solvay  Solexis  Inc.,  Thorofare 
cKinzig  and  Sutor  [69] 
dReich  et  al.  [70] 
eWanget  al.  [71] 
fKabo  et  al.  [72] 
gFrez  et  al.  [73] 

imidazolium  cation  and  the  bis(trifluoromethanesulfonyl)imide  (or  triflamide) 
anion,  were  studied  by  Palacio  and  Bhushan  [22]  and  compared  with  the  mono- 
cationic  IL  l-butyl-3-methyl-l//-imidazolium  hexafluorophosphate  (BMIM-PFe). 
AFM  experiments  were  also  performed  under  various  humidity  and  temperature 
conditions  in  order  to  investigate  the  effect  of  the  environment  on  the  nanolubri- 
cation  properties  of  these  ILs.  Microscale  friction  and  wear  experiments  using 
the  ball-on-flat  tribometer  and  wear  at  ultralow  loads  using  an  AFM  were  carried 
out.  Fourier-transform  infrared  (FTIR)  spectroscopy  and  x-ray  photoelectron  spec- 
troscopy (XPS)  were  used  to  determine  the  chemical  species  that  affect  intermole- 
cular  bonding  and  also  to  elucidate  the  effect  of  the  environment  on  the  IL  film 
surface  in  the  case  of  FTIR  data. 

The  dicationic  ionic  liquids  used  in  this  study  were  l,l'-(pentane-l,5-diyl)bis 
(3-hydroxyethyl-l//-imidazolium-l-yl)  di[bis(trifluoromethanesulfonyl)imide]  (abbre- 
viated as  BHPT)  and  l,l'-(3,6,9,12,15-pentaoxapentadecane-l,15-diyl)bis(3-hydro- 
xyethyl- l//-imidazolium- 1  -yl)  di[bis(trifluoromethanesulfonyl)imide]  (abbreviated 
as  BHPET)  [75]  deposited  on  Si(100)  wafers.  The  common  name  triflamide  will  be 
used  here  when  referring  to  the  anion.  The  properties  of  these  dicationic  ILs 
were  compared  with  those  of  the  conventional  monocationic  ionic  liquid  1- 
butyl-3-methyl-l//-imidazolium  hexafluorophosphate,  abbreviated  as  BMIM-PFg 
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Fig.  19.32  (a)  Chemical  structures  of  the  Z-TETRAOL  molecule,  and  (b)  chemical  structures  of 
the  BMIM-PF6>  BHPT,  and  BHPET  molecules 

(Merck,  Germany).  Their  chemical  structures  are  shown  in  Fig.  19.32b.  These 
compounds  have  been  applied  on  single-crystal  Si(100)  (phosphorus  doped)  with 
a  native  oxide  layer  on  the  surface  using  the  dip-coating  technique.  The  method  and 
the  apparatus  used  have  been  described  earlier.  The  films  were  heat-treated  at 
150°C  for  30  min  after  dip-coating,  such  that  they  were  partially  bonded  [20]. 


19.4.1     Monocationic  Liquid  Films 

In  this  section,  nanotribological  data  on  BMIM-PF6  and  Z-TETRAOL  are  pre- 
sented [20,  21,  25,  46]. 


Nanotribological  Studies 


In  Fig.  19.33a,  the  surface  height  images  for  the  untreated  sample  (air  dried)  are 
compared  with  the  two  chemically  bonded  samples  (partially  bonded  and  fully 
bonded).  Aggregates  of  varying  sizes  are  observed  on  the  untreated  Z-TETRAOL 


19     Nanoscale  Boundary  Lubrication  Studies 


507 


Fig.  19.33    (a)  Surface  height 
images  for  untreated,  partially 
bonded,  and  fully  bonded 
films  of  BMIM-PF6  on  silicon 
substrate,  and  (b)  schematic 
for  the  attachment  of  BMIM- 
PF6  to  the  silicon  substrate 
(after  [20]) 
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and  on  the  ionic  liquid  coating.  These  aggregates  could  have  formed  initially  during 
preparation  of  the  dilute  solution.  For  Z-TETRAOL,  the  long  PFPE  chains  can 
orient  in  various  configurations  (such  as  coils),  leading  to  aggregate  formation  [20]. 
In  ionic  liquids  containing  the  l-butyl-3-methylimidazolium  cation,  it  is  believed 
that  aggregate  formation  in  solvents  that  are  less  polar  compared  with  water  aids 
in  minimizing  the  charge  density  (charge  derealization)  within  the  ions.  These 
aggregates  are  subsequently  deposited  on  the  silicon  surface  during  the  dip-coating 
procedure.  It  is  observed  that  the  untreated  lubricant  surface  has  more  prominent 
aggregates  compared  with  the  two  chemically  bonded  samples,  implying  that  the 
heat  treatment  promotes  bonding  to  the  Si  substrate.  Without  the  chemical  bonding 
procedure,  the  lubricant  molecules  are  less  likely  to  attach  to  the  substrate  and 
would  tend  to  attract  each  other  instead,  such  that  dewetting  is  more  likely.  The 
immobilization  of  the  ionic  liquid,  which  is  promoted  by  thermal  treatment,  occurs 
by  reaction  of  the  anion  with  the  hydroxyl  groups  present  on  the  silicon  surface, 
as  shown  in  Fig.  19.33b  for  BMIM-PF6. 
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Fig.  19.34  (a)  Summary  of  the  adhesive  force  and  coefficient  of  friction,  and  (b)  durability  data 
after  100  cycles  for  BMIM-PF6  at  room  temperature  (22°C)  and  ambient  air  (45-55%  RH).  Data 
for  uncoated  Si  and  Z-TETRAOL  are  shown  for  comparison.  Schematics  in  (a)  show  the  effect  of 
chemical  bonding  treatment  and  meniscus  formation  between  the  AFM  tip  and  sample  surface  on 
the  adhesive  and  friction  forces  (after  [20]) 


Figure  19.34a  shows  a  summary  of  the  adhesive  force  and  coefficient  of  friction 
measurements  on  the  ionic  liquid.  Z-TETRAOL  and  Si(100)  data  are  provided  for 
comparison.  The  adhesive  force  has  been  observed  to  decrease  in  the  following 
order:  untreated  >  partially  bonded  >  fully  bonded.  This  mobile  fraction  on  the 
untreated  sample  facilitates  the  formation  of  a  meniscus,  which  increases  the 
tip-sample  adhesion.  The  adhesive  force  is  highest  in  the  untreated  coating  since 
it  has  the  greatest  amount  of  the  mobile  fraction  among  the  three  samples.  Con- 
versely, the  sample  with  no  mobile  lubricant  fraction  available  (fully  bonded)  has 
the  lowest  adhesive  force. 
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A  different  trend  is  observed  in  the  coefficient  of  friction  (/.()  data.  Both  the  fully 
bonded  and  partially  bonded  samples  have  lower  fi  values  compared  with  the  uncoated 
silicon.  Friction  forces  are  lower  on  the  latter,  implying  that  the  mobile  lubricant 
fraction  present  in  the  partially  bonded  samples  facilitates  sliding  of  the  tip  on  the 
surface.  However,  [i  values  for  the  untreated  samples  are  higher  than  the  data  for 
the  heat-treated  coatings.  Due  to  the  lack  of  chemical  bonding,  the  interaction  of  the 
lubricant  with  the  substrate  is  weakened  and  dewetting  can  occur.  Water  and  lubricant 
molecules  are  more  likely  to  form  a  meniscus  as  the  tip  approaches  the  surface.  This 
provides  greater  resistance  to  tip  sliding,  leading  to  higher  coefficient  of  friction 
values.  The  lower  portion  of  Fig.  19.34a  shows  a  schematic  illustrating  the  role  of 
meniscus  formation  in  the  adhesive  and  friction  forces  obtained  for  the  uncoated 
Si  and  the  untreated,  partially  bonded,  and  fully  bonded  lubricant-coated  Si  surfaces. 

Figure  19.34b  shows  plots  of  the  coefficient  of  friction  as  a  function  of  the 
number  of  sliding  cycles  at  70  nN  normal  load.  Only  a  small  rise  in  the  coefficient 
of  friction  was  observed  for  both  Z-TETRAOL  and  BMIM-PF6  surfaces,  indicating 
low  surface  wear.  In  the  case  of  untreated  Z-TETRAOL,  a  crossover  is  observed, 
where  the  coefficient  of  friction  increases  from  its  initial  value  and  exceeds  the  \i  of 
silicon  after  a  certain  number  of  cycles.  This  is  attributed  to  the  transfer  of  lubricant 
molecules  to  the  AFM  tip  and  the  interaction  of  the  transferred  molecules  with  the 
lubricant  still  attached  to  the  Si  substrate,  which  will  increase  the  friction  force. 

In  order  to  compare  friction  and  wear  properties  on  the  nanoscale  with  that  on  the 
microscale,  conventional  ball-on-flat  tribometer  experiments  were  conducted  on 
the  same  samples.  Images  and  profile  traces  of  the  wear  scars  are  shown  in 
Fig.  19.35a.  The  coefficient  of  friction  and  number  of  cycles  to  failure  are  summar- 
ized in  Fig.  19.35b.  Ionic  liquid  shows  enhanced  durability  compared  with  both  the 
Z-TETRAOL-coated  and  the  uncoated  Si.  The  nanoscale  data  presented  in 
Fig.  19.34  can  be  compared  with  the  \i  values  obtained  from  the  ball-on-flat  mea- 
surements (Fig.  19.35b).  The  fi  values  of  the  untreated  lubricant  samples  obtained 
by  using  AFM  are  lower  than  those  obtained  from  the  ball-on-flat  tests.  This  is 
attributed  to  the  difference  in  the  length  scales  of  the  test  techniques.  An  AFM 
tip  simulates  a  single-asperity  contact  while  the  conventional  friction  test  involves 
the  contact  of  multiple  asperities  present  in  the  test  system  [1,  2].  With  regards  to 
wear,  the  interface  contact  of  the  AFM  and  ball-on-flat  techniques  are  different  from 
each  other.  In  an  AFM,  the  contact  stress  is  very  high,  such  that  material  can  be 
displaced  more  easily.  For  the  ball-on-flat  test,  the  ball  exerts  a  lower  pressure  on  the 
surface,  and  the  coating  is  in  a  confined  geometry.  As  a  consequence,  displacement 
of  the  coating  is  not  as  easy  as  in  AFM,  leading  to  enhanced  wear  resistance. 


Wear  Detection  by  Surface  Potential  and  Electrical  Resistance  Measurements 

Figure  19.36a  shows  a  summary  of  wear  tests  and  corresponding  surface  potential 
measurements  on  the  ionic  liquid.  A  bar  plot  summarizing  the  average  surface 
potential  change  on  the  tested  area  is  shown  in  Fig.  19.36b.  In  all  cases,  a  smaller 
amount  of  debris  was  generated  compared  with  the  uncoated  silicon  surface, 
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Fig.  19.35  (a)  Optical  images  and  height  profiles  taken  after  20  cycles,  and  (b)  summary  of  the 
coefficient  of  friction  and  number  of  cycles  to  failure  in  ball-on-flat  tests  on  various  BMIM-PF6 
coatings.  Data  for  uncoated  Si  and  Z-TETRAOL  are  shown  for  comparison  (after  [20]) 


indicating  that  the  ionic  liquid  provides  wear  protection.  In  general,  the  samples 
containing  the  mobile  lubricant  fraction  (i.e.,  untreated  and  partially  bonded  sur- 
faces) exhibit  a  lower  surface  potential  change  compared  with  the  fully  bonded 
sample,  which  only  has  immobile  lubricant  molecules.  This  is  attributed  to  lubri- 
cant replenishment  by  the  mobile  fractions,  which  can  occur  in  the  untreated  and 
partially  bonded  samples  [45,  62].  From  the  bar  plot  in  Fig.  19.36b,  it  is  also 
observed  that  the  change  in  surface  potential  is  generally  lower  in  the  ionic  liquid 
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Fig.  19.36  (a)  Surface  height  and  surface  potential  maps  after  wear  tests,  and  (b)  bar  chart 
showing  surface  potential  change  for  various  BMIM-PF6  coatings.  Data  for  uncoated  Si  and 
Z-TETRAOL  are  shown  for  comparison  (after  [20]) 
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coating  compared  with  the  Z-TETRAOL  coating  and  the  uncoated  silicon.  This 
indicates  that  any  built-up  surface  charges  arising  from  the  wear  test  were  imme- 
diately dissipated  onto  the  conducting  ionic  lubricant  coating  surface.  In  the  case 
of  Z-TETRAOL  and  the  uncoated  silicon,  the  charges  remained  trapped  in  the  test 
area,  since  both  of  these  materials  are  insulators.  Based  on  these  findings,  a  consi- 
derable surface  potential  change  will  be  observed  on  the  wear  region  when: 

1 .  The  lubricant  has  been  fully  removed  from  the  substrate 

2.  The  native  SiC>2  layer  has  been  abraded  from  the  surface 

3.  Wear  has  caused  subsurface  structural  changes 

4.  Charges  build  up,  as  they  are  unable  to  dissipate  into  the  surrounding  material 

Contact  resistance  images  for  the  surfaces  subjected  to  the  wear  tests  are  pre- 
sented in  Fig.  19.37a.  The  average  change  in  the  contact  resistance  of  the  wear 
region  relative  to  the  untested  area  is  summarized  in  Fig.  19.37b.  The  fully  bonded 
BMIM-PFg  has  an  appreciable  contact  resistance  increase  in  the  wear  region.  Since 
silicon  is  a  semiconductor,  it  has  much  higher  resistance  compared  with  the  sur- 
rounding ionic  liquid.  The  resistance  increase  in  the  worn  area  implies  that  the 
substrate  is  exposed  after  the  wear  test.  Partially  bonded  films  did  not  get  worn  off 
the  substrate  by  the  test,  as  evidenced  by  the  lack  of  contact  resistance  change  in 
the  tested  area.  The  untreated  Z-TETRAOL  exhibited  an  observable  resistance 
change,  while  BM1M-PF6  did  not.  This  can  be  correlated  to  the  durability  data  in 
Fig.  19.34b,  where  the  untreated  Z-TETRAOL  sample  exhibited  an  increase  in 
the  friction  force  with  time  due  to  the  transfer  of  lubricant  molecules  to  the  tip. 
Easier  lubricant  removal  means  that  the  diamond  tip  (in  the  case  of  Fig.  19.37)  can 
cause  substrate  wear  much  sooner,  leading  to  the  observed  resistance  increase  in 
the  tested  area.  However,  the  resistance  image  does  not  provide  a  clear  contrast 
between  Z-TETRAOL  and  the  newly  exposed  substrate  since  both  materials  have 
high  resistance  values. 

Microscale  contact  resistance  obtained  from  ball-on-flat  tribometer  testing  is 
shown  in  Fig.  19.38,  along  with  the  corresponding  coefficient  of  friction  data.  For 
the  ionic  liquid  film,  the  initial  resistance  is  slightly  lower  than  that  of  uncoated 
silicon,  confirming  their  conductive  nature.  For  the  Z-TETRAOL  samples,  the  con- 
tact resistance  is  of  about  the  same  magnitude  as  the  uncoated  silicon.  However,  for 
the  conducting  ionic  liquid,  an  increase  in  resistance  corresponds  to  an  increase 
in  the  coefficient  of  friction,  indicating  wear  of  the  lubricant  and  exposure  of  the 
silicon  substrate,  similar  to  observations  on  the  nanoscale.  These  results  are  consis- 
tent with  the  adhesion,  friction,  and  surface  potential  results  with  regards  to  wear 
detection  and  wear  protection  due  to  the  mobile  and  immobile  lubricant  fractions. 

The  durability  data  and  trends  for  the  ionic  liquid  obtained  by  using  a  steel  ball 
are  inferior  to  the  results  shown  in  Fig.  19.35,  which  were  measured  by  using 
a  sapphire  ball.  In  Fig.  19.38,  the  partially  bonded  samples  still  show  the  best 
durability,  but  in  this  case,  Z-TETRAOL  has  the  highest  number  of  cycles  to  failure 
(the  opposite  trend  compared  with  Fig.  19.35b),  as  indicated  by  the  point  where  the 
jump  in  the  coefficient  of  friction  is  observed.  This  can  be  accounted  for  by  the 
wetting  properties  of  ionic  liquids  on  different  surfaces.  It  has  been  observed  that 
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Fig.  19.37    (a)  Nanoscale 
contact  resistance  images 
after  wear  tests,  and  (b)  bar 
chart  showing  contact 
resistance  change  for 
various  BMIM-PF6  coatings. 
Data  for  uncoated  Si  and 
Z-TETRAOL  are  shown  for 
comparison.  Cases  without 
the  clear  wear  scar  did  not 
exhibit  measurable  change 
(after  [20]) 
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ionic  liquids  have  a  tendency  to  wet  nonmetal  surfaces  (e.g.,  S13N4,  SiC>2,  glass) 
better  than  conventional  metal  surfaces  (such  as  440C,  M50,  and  52100  steel)  [20]. 
For  wear  tests  with  a  steel  ball,  less  wettability  means  less  lubricant  retention  at  the 
interface.  This  material  wetting  effect  is  possibly  more  significant  for  the  ionic 
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Fig.  19.38  Microscale  contact  resistance  and  coefficient  of  friction  after  ball-on-flat  tests  for 
100  cycles  on  various  BMIM-PF6  coatings.  Data  for  uncoated  Si  and  Z-TETRAOL  are  shown  for 
comparison  (after  [20]) 
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liquid  than  for  Z-TETRAOL,  but  nonetheless  the  durability  of  the  partially  bonded 
BMIM-PF6  is  still  close  to  its  Z-TETRAOL  counterpart,  such  that  ILs  are  still 
viable  lubricants  comparable  with  PFPEs. 


19.4.2    Dicationic  Ionic  Liquid  Films 

In  this  section,  nanotribological  data  on  BHPT  and  BHPET  are  presented.  Data  on 
BMIM-PF6  and  uncoated  Si(100)  are  also  presented  for  comparison  [22], 


Nanotribological  Studies 

Figure  19.39a  shows  a  summary  of  the  contact  angle,  adhesive  force,  and  coeffi- 
cient of  friction  (fi)  measurements  for  the  coated  and  uncoated  samples  performed 
at  ambient  temperature  and  humid  conditions  (22°C  and  50%  RH,  respectively). 
The  data  shown  in  the  bar  plots  are  averages  of  three  measurements  and  the  error 
bars  represent  ±1  cr.  BHPT  is  the  least  hydrophilic  as  it  has  the  highest  contact 
angle  (81°)  among  the  three  IL  coatings.  This  coating  also  exhibited  the  greatest 
reduction  in  the  coefficient  of  friction  relative  to  the  uncoated  surface.  The  high 
contact  angle  of  BHPT  leads  to  minimal  meniscus  formation  between  the  tip  and 
surface,  leading  to  a  large  drop  in  the  nanoscale  friction  force.  In  addition,  BHPT 
has  a  pentyl  chain  which  links  the  two  imidazolium  cations.  This  chain  can  orient 
the  cation  molecules  on  the  substrate,  thereby  facilitating  tip  sliding  on  the  film 
surface.  In  contrast,  the  polyether  chain  of  BHPET  is  susceptible  to  interactions 
with  water  molecules  which  can  promote  (instead  of  minimize)  meniscus  forma- 
tion. The  BMIM-PF6  film  also  exhibited  a  reduction  in  the  adhesive  force  and 
coefficient  of  friction.  This  results  from  the  combination  of  mobile  and  immobile 
lubricant  fractions.  Immobilization  of  this  ionic  liquid  is  possible  as  a  result  of  the 
thermal  treatment,  which  promotes  the  reaction  between  the  hexafluorophosphate 
anion  and  the  hydroxyl  groups  present  on  the  silicon  substrate  surface  [20,  22,  76]. 

Wear  tests  were  conducted  by  monitoring  the  change  in  the  friction  force  on  a 
2  urn  line  for  100  cycles.  The  data  shown  in  Fig.  19.39b  are  representative  of  three 
measurements  made  for  each  sample.  The  focus  of  this  experiment  is  the  wear  of 
the  lubricant  film  on  the  substrate.  The  fi  value  of  the  BHPT  film  changed  mini- 
mally during  the  duration  of  the  experiment,  which  indicates  that  the  film  was  not 
being  worn  after  100  cycles.  On  the  other  hand,  the  BMIM-PF6  and  BHPET 
samples  exhibited  a  gradual  increase  in  fi,  which  means  that  these  films  could  be 
undergoing  some  wear  and  that  their  interaction  with  the  silicon  substrate  is  weaker 
compared  with  that  of  BHPT. 

Figure  19.40  presents  a  summary  of  the  average  contact  potential  change  after 
the  wear  tests  conducted  by  creating  5x5  urn2  wear  scars  with  a  diamond  tip, 
where  the  height  and  surface  potential  maps  were  imaged  afterwards.  The  data 
shown  in  the  bar  plot  is  the  average  of  three  measurements  and  the  error  bars 
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Fig.  19.39    (a)  Summary  of 
the  contact  angle,  adhesive 
force,  and  coefficient  of 
friction,  and  (b)  durability 
data  after  100  cycles  for 
BMIM-PF6,  BHPT,  and 
BHPET  coatings  at  room 
temperature  (22°  C)  and 
ambient  air  (45-55%  RH). 
Data  for  uncoated  Si  are 
shown  for  comparison.  The 
error  bars  in  (a)  represent 
±  1  cr  based  on  three 
measurements  performed 
(after  [22]) 
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represent  ±  1  a.  A  change  in  the  surface  potential  in  the  wear  region  is  observed 
when  the  following  occur:  the  lubricant  has  been  fully  removed  from  the  substrate, 
the  native  SiC>2  layer  has  been  abraded  from  the  surface,  wear  has  caused  subsurface 
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Fig.  19.40   Bar  chart 
showing  average  surface 
potential  change  for 
BMIM-PF6,  BHPT,  and 
BHPET  coatings.  Data 
for  uncoated  Si  are  shown 
for  comparison.  The  error 
bars  represent  ±lo  based  on 
three  measurements 
performed  (after  [22]) 


Fig.  19.41    Bar  chart 
showing  average  contact 
resistance  change  for 
BMIM-PF6,  BHPT  and 
BHPET  coatings.  Data 
for  uncoated  Si  are  shown 
for  comparison.  The  error 
bars  represent  ±lo  based  on 
three  measurements 
performed  (after  [22]) 
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structural  changes,  and  charges  build  up,  as  they  are  unable  to  dissipate  into  the 
surrounding  material  [20,  22].  As  expected,  the  uncoated  Si  exhibited  the  greatest 
amount  of  wear  (as  evidenced  by  debris  buildup  around  the  edge  of  the  wear  test 
region)  and  highest  increase  in  the  surface  potential.  The  surface  potential  image  for 
the  BHPET  film  also  showed  an  increase,  indicating  that  the  film  was  worn  out  after 
the  test.  This  was  not  seen  on  tests  with  the  BMIM-PF6  and  BHPT  samples.  The 
surface  potential  change  could  be  absent  in  the  test  area  if  the  lubricant  was  not 
removed  completely,  indicating  that  these  two  samples  have  a  stronger  interaction 
with  the  silicon  substrate  compared  with  BHPET. 

Figure  19.41  presents  a  summary  of  the  average  contact  resistance  change  after 
the  wear  test.  As  in  Fig.  19.40,  a  significant  change  is  observed  in  the  wear  region  of 
the  Si  and  BHPET  samples.  There  is  also  a  small  amount  of  localized  contact 
resistance  increase  in  the  BMIM-PF6  sample.  These  results  are  consistent  with  the 
wear  test  presented  in  Fig.  19.39b,  where  the  durability  of  the  films  decreases  in  the 
order:  BHPT  >  BMIM-PF6  >  BHPET. 

Microscale  Friction  and  Wear 


In  order  to  compare  friction  and  wear  properties  at  the  microscale  and  the  nano- 
scale, conventional  ball-on-flat  tribometer  experiments  were  conducted  on  the  same 
samples.  The  coefficient  of  friction  data  are  summarized  in  Fig.  19.42.  The  data 
shown  in  the  bar  plot  are  averages  of  three  measurements.  All  of  the  lubricated 


518 


B.  Bhushan 


Fig.  19.42    Summary  of  the 
coefficient  of  friction  from 
ball-on-flat  tests  on  uncoated 
and  coated  Si  samples.  The 
error  bars  represent  ±1  a 
based  on  three  measurements 
performed  (after  [22]) 
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samples  are  reported  to  have  less  wear  scars  as  a  result  of  the  ball  having  to  displace 
the  lubricant  before  damaging  the  silicon  surface.  A  reduction  in  the  coefficient  of 
friction  arising  from  application  of  the  lubricant  film  is  observed,  consistent  with 
the  nanoscale  adhesion,  friction,  and  wear  results. 

The  [i  values  of  the  lubricant  samples  obtained  by  using  AFM  are  lower  than  the 
fi  obtained  from  the  ball-on-flat  tests.  This  is  attributed  to  the  difference  in  the 
length  scales  of  the  test  techniques.  An  AFM  tip  simulates  a  single-asperity  contact 
while  the  conventional  friction  test  involves  the  contact  of  multiple  asperities 
present  in  the  test  system.  With  regards  to  wear,  the  interface  contact  of  the  AFM 
and  ball-on-flat  techniques  are  different  from  each  other  such  that  one  cannot 
expect  both  tests  to  show  the  same  trend.  On  an  AFM,  the  tip  stress  is  very  high 
such  that  material  can  be  displaced  more  easily.  For  a  ball-on-flat  test,  the  tip  exerts 
a  lower  pressure  on  the  surface  and  the  coating  is  in  a  confined  geometry. 


Relative  Humidity  and  Temperature  Effect  Measurements 

The  influence  of  relative  humidity  on  adhesion  and  friction  is  summarized  in 
Fig.  19.43.  In  general,  the  adhesive  force  increases  with  relative  humidity.  The 
condensed  water  in  the  humid  environment  facilitates  meniscus  formation  between 
the  tip  and  sample  and  higher  adhesive  forces.  Since  Si(100)  is  hydrophilic,  it 
readily  adsorbs  water  molecules.  For  the  three  ionic  liquids,  an  increase  in  the 
adhesive  force  is  also  due  to  increased  water  adsorption.  This  comes  from  attractive 
electrostatic  interactions  (ion-dipole  forces)  between  the  individual  ions  and  water 
molecules. 

Water  adsorption  affects  the  coefficient  of  friction  observed  as  a  function  of 
the  relative  humidity.  In  Si,  the  coefficient  of  friction  is  uniform  at  10-50%  RH, 
then  decreases  at  70%  RH.  The  adsorbed  water  at  higher  humidity  can  lead  to  the 
formation  of  a  continuous  water  layer  separating  the  tip  and  sample  surface,  which 
can  act  as  a  lubricant.  Although  the  adhesive  force  increases,  the  reduction  in 
interfacial  strength  accounts  for  the  slight  decrease  of  the  coefficient  of  friction  at 
the  highest  range  of  humidity  level  examined.  However,  the  presence  of  more  water 
molecules  at  higher  humidity  has  the  opposite  effect  on  the  ionic  liquid  surfaces, 
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Fig.  19.43    Influence  of 
relative  humidity  (RH)  on  the 
adhesive  force  (a)  and 
coefficient  of  friction  (b)  for 
unlubricated  and  lubricated 
tapes  at  22°C  (after  [22]) 
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where  the  coefficient  of  friction  increases  with  humidity.  The  attractive  ion-dipole 
forces  between  the  ions  and  water  are  amplified  at  higher  humidity  because  more 
water  molecules  are  available.  A  greater  attractive  force  between  the  tip  and  the 
surface  leads  to  greater  resistance  to  sliding  and  higher  coefficient  of  friction.  This 
is  observed  for  both  the  monocationic  (BMIM-PF6)  and  the  dicationic  (BHPT  and 
BHPET)  ionic  liquid-coated  surfaces.  For  BHPET,  polar  interactions  between 
water  and  the  oxygen  atoms  in  the  polyether  (C-O-C)  chain  are  possible  and 
increase  the  adsorption  of  water  to  the  surface.  This  could  account  for  the  larger 
rise  in  the  coefficient  of  friction  in  the  BHPET  sample  from  50%  to  70%  RH, 
compared  with  BMIM-PF6  and  BHPT. 

The  effect  of  temperature  on  the  adhesion  and  friction  properties  of  the  ILs  is 
summarized  in  Fig.  19.44.  The  adhesive  and  friction  forces  were  measured  from 
22°C  to  125°C.  As  shown  in  Fig.  19.44,  the  increase  in  test  temperature  leads  to  a 
decrease  in  the  adhesive  force  and  the  coefficient  of  friction.  The  decrease  in  the 
adhesive  force  at  higher  temperatures  is  observed  in  all  the  samples,  while  the 
corresponding  drop  in  the  coefficient  of  friction  is  seen  only  for  BMIM-PF6, 
BHPET,  and  the  silicon  substrate.  At  higher  temperatures,  the  surface  water 
molecules  are  desorbed,  leading  to  the  decrease  in  both  the  adhesive  and  friction 
forces.  A  reduction  in  the  viscosity  at  higher  temperatures  can  also  facilitate  the 
decrease  in  the  friction  force  [26].  In  BHPT,  the  coefficient  of  friction  was  not 
adversely  affected  as  the  test  temperature  was  increased.  This  implies  that,  under 
ambient  humidity  conditions,  the  BHPT  film  does  not  adsorb  a  large  amount  of 
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Fig.  19.44    Influence  of 
temperature  on  the  adhesive 
force  (a)  and  coefficient  of 
friction  (b)  for  uncoated  and 
coated  Si  samples  at  50%  RH 
air  (after  [22]) 
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water  molecules.  Moreover,  this  also  implies  that  the  BHPT  surface  has  weak 
interactions  with  surface  water  molecules,  such  that  the  friction  force  during  sliding 
is  not  greatly  affected. 


Fourier-Transform  Infrared  Spectroscopy 

Figure  19.45  presents  FTIR  spectra  obtained  for  the  different  ionic-liquid-coated 
samples,  along  with  the  uncoated  Si  substrate.  The  observed  peaks  are  labeled  with 
the  corresponding  chemical  bonds.  In  the  case  of  the  Si  substrate  (with  a  contact 
angle  of  40°)  exposed  to  water  molecules  in  the  ambient,  no  peaks  are  observed. 
C-H  stretching  vibrations  in  the  coated  samples  are  observed  in  the  600-800  cm- 
range.  For  BHPET,  the  strong  peak  at  w  1060  cm-1  corresponds  to  the  C-O-C 
vibration,  which  is  prominent  due  to  the  presence  of  the  polyether  chain  in  its 
cation.  This  peak  overlaps  with  the  C-O  vibration,  which  is  present  in  BHPT  as 
the  terminal  primary  alcohol  (C-OH).  In  BMIM-PF6,  a  peak  appears  in  this 
range  due  to  rocking  vibrations  of  the  methyl  (CH3)  substituent.  The  peak 
at  1,500-1,600  cm-1  comes  from  the  C=N  vibrations,  which  is  common  to  all 
three  ionic  liquids  since  they  are  all  based  on  the  imidazolium  cation.  However, 
it  is  not  observed  in  BHPT  as  the  C=N  vibrations  may  be  weak.  The  wide 
peak  at  3,600^,000  cm-1  corresponds  to  hydrogen  bonding,  possibly  due  to 
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Fig.  19.45  FTIR  spectra  of  uncoated  and  coated  Si  samples.  The  chemical  bonds  (or  species)  are 
listed  above  the  spectra  to  indicate  the  possible  bonding  modes  that  correspond  to  the  observed 
peaks  (after  [22]) 


water  molecules  adsorbed  on  the  surface  [22,  77,  78].  This  is  present  in  BMIM-PF6 
and  in  BHPET  but  not  in  BHPT.  This  accounts  for  the  much  lower  contact  angle  of 
BMIM-PF6  and  BHPET  (39°  and  59°,  respectively)  compared  with  BHPT  (81°). 
This  implies  that  the  surface  of  BHPT  is  more  hydrophobic  compared  with  that  of 
either  BMIM-PF6  or  BHPET,  which  is  consistent  with  the  observed  low  coefficient 
of  friction  for  BHPT  [22]. 


X-ray  Photoelectron  Spectroscopy 

The  XPS  survey  spectra  obtained  on  the  uncoated  and  coated  Si  samples  are 
shown  in  Fig.  19.46a.  In  the  uncoated  sample,  prominent  peaks  are  observed  at  99, 
151,  and  533  eV,  corresponding  to  the  binding  energies  of  Si  2/7,  Si  2s,  and  O  Is 
electrons,  respectively.  Additional  peaks  are  observed  on  the  three  coated  samples 
at  285  and  689  eV,  which  correspond  to  C  Is  and  F  Is  electrons,  respectively. 
Smaller  peaks  observed  at  rs  1,000  eV  on  all  samples  are  due  to  Auger  lines  (KLL 
transitions)  for  oxygen  [79]. 

The  high-resolution  best-fit  XPS  spectra  are  shown  in  Fig.  19.46b  for  the  Si  2p, 
C  Is,  O  Is,  and  F  Lv  electrons.  The  peaks  are  labeled  with  the  corresponding 
chemical  bonds,  which  pertain  to  either  the  silicon  substrate  or  groups  found 
on  the  ionic  liquid  molecule.  One  noteworthy  exception  is  the  presence  of  peaks 
at  w  292  eV,  which  confirms  the  presence  of  CF2  on  the  surface.  This  indi- 
cates the  immobilization  of  the  BHPT  and  BHPET  ionic  liquids,  which  occurs 
by  the  reaction  of  the  anion  with  the  hydroxyl  groups  present  on  the  silicon  surface 
[22,  23]. 
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Fig.  19.46  (continued) 

Relationship  Between  IL  Structure  and  Adhesion,  Friction, 
and  Wear  Properties 


Figure  19.47  presents  an  interpretation  of  how  the  IL  cations  interact  with  the 
silicon  substrate.  For  the  monocationic  BMIM-PF6,  only  weak  interactions  between 
the  imidazolium  ring  and  the  silicon  surface  are  expected.  For  the  dicationic  ionic 
liquids,  multiple  cation  attachment  schemes  are  possible.  In  BHPT,  the  hydroxyl 
groups  attached  to  the  imidazolium  cation  at  the  ends  of  the  chain  provide  a  means 
for  strong  H-bonding  interactions  with  active  sites  on  the  silicon  surface.  As  shown 
in  Fig.  19.47,  either  one  (case  1)  or  two  (case  2)  hydroxyl  groups  can  create  this 
bond.  The  second  case  is  particularly  desirable  because,  if  the  two  hydroxyl  groups 
are  bonded  (i.e.,  not  exposed  to  the  surface),  they  are  not  available  to  interact  with 
water  molecules  in  the  ambient,  leading  to  a  reduction  in  the  adhesion  and  friction 
forces,  as  well  as  enhanced  wear  resistance  [22], 

In  BHPET,  these  hydroxyl  group  attachment  schemes  are  also  applicable.  How- 
ever, the  additional  mechanism  of  intramolecular  hydrogen  bonding  can  also  take 
place  (case  3).  This  is  not  as  desirable  as  the  second  case  because  it  depletes  the 
available  chain  ends  with  hydroxyl  groups  which  can  bond  to  the  silicon  surface. 
The  interaction  of  the  lubricant  film  with  the  silicon  substrate  is  weakened,  and  water 
molecules  can  displace  the  lubricant  from  the  substrate.  In  addition,  the  polyether 
chain  that  links  the  two  cations  contains  five  oxygen  atoms  in  each  chain.  These 
oxygen  atoms  can  also  form  H-bonds  with  the  water  molecules  in  the  ambient. 
This  can  account  for  the  large  difference  in  the  friction  properties  between  BHPET 
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Fig.  19.46  (a)  XPS  spectra  of  uncoated  and  coated  Si  samples.  Survey  scan  from  0  to  1,400  eV 
provides  the  surface  elemental  composition,  (b)  High-resolution  (deconvoluted)  XPS  spectra 
for  Si  2p,  C  Is,  O  Is,  and  F  Lv  reveal  the  different  binding  environments  present  on  the  surface 
(after  [22]) 


and  BHPT.  While  the  application  of  the  BHPT  film  has  lowered  the  coefficient  of 
friction  of  the  silicon  surface,  the  BHPET  film  did  not  have  a  similar  effect  due  to  the 
molecular  interactions  described  above.  This  interpretation  of  lubricant-substrate 
interaction  is  corroborated  by  the  adhesion  and  friction  data  at  varying  humidity  and 
temperatures,  as  well  as  the  FTIR  spectra.  Both  BMIM-PF6  and  BHPET  have  large 
peaks  in  their  FTIR  spectra  that  correspond  to  H-bonds  of  water  molecules,  which  is 
consistent  with  the  observed  sensitivity  of  their  adhesion  and  friction  to  the  change 
in  humidity  and  temperature.  Meanwhile,  BHPT  does  not  have  the  aforementioned 
peak,  and  its  adhesion  and  friction  properties  appear  to  be  less  sensitive  to  water 
molecules  compared  with  the  other  two  ionic  liquids  [22]. 

Figure  19.48  shows  a  schematic  of  the  interaction  of  the  anions  with  the  silicon 
substrate.  As  mentioned  previously,  XPS  spectra  indicate  immobilization  of  the 
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Fig.  19.47    Schematic  for  the  attachment  of  the  cations  of  (a)  BMIM-PF6,  (b)  BHPT,  and  (c) 
BHPET  to  silicon  substrate  (after  [22]) 
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Fig.  19.48    Schematic  for 
the  attachment  of  the  anions 
of  (a)  BMIM-PF6, 
and  (b)  BHPT  and  BHPET 

to  silicon  substrate  (after  [22]) 
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ionic  liquid,  which  occurs  through  the  reaction  of  the  anion  with  the  hydroxyl 
groups  on  the  substrate  surface.  In  BMIM-PF6,  the  O  attaches  to  P,  while  in  BHPT 
and  BHPET  (which  have  the  same  anion),  the  O  bonds  to  C.  Since  the  reactions 
involve  the  creation  of  new  covalent  bonds,  this  implies  that  the  anions  of  the 
investigated  ILs  are  more  strongly  attached  to  the  substrate  compared  with  the 
cations,  which  are  chemically  adsorbed  [22]. 

Based  on  the  micro-  and  nanoscale  friction  and  wear  measurements,  the  ionic 
liquids  show  strong  potential  as  lubricants  for  MEMS/NEMS  because  they  have 
desirable  thermal  and  electrical  conductivity  as  well  as  desirable  tribological 
properties. 


19.5     Conclusions 


Nanodeformation  studies  have  shown  that  fully  bonded  Z-DOL  lubricants  behave 
as  soft  polymer  coatings,  while  the  unbonded  lubricants  behave  liquid-like.  AFM 
studies  have  shown  that  the  physisorbed  nonpolar  molecules  on  a  solid  surface  have 
an  extended,  flat  conformation.  The  spreading  property  of  PFPE  is  strongly  depen- 
dent on  the  molecular  end  groups  and  the  substrate  chemistry. 

Using  solid-like  Z-DOL  (fully  bonded)  film  can  reduce  the  friction  and  adhesion 
of  Si(lOO),  whereas  using  liquid-like  Z-15  lubricant  shows  a  negative  effect. 
Si(lOO)  and  Z-15  films  show  an  apparent  time  effect.  The  friction  and  adhesion 
forces  increase  as  a  result  of  the  growth  of  meniscus  up  to  an  equilibrium  time, 
after  which  they  remain  constant.  The  use  of  Z-DOL  (fully  bonded)  film  can 
prevent  rest-time  effects.  During  sliding  at  high  velocity,  the  meniscus  is  broken 
and  does  not  have  enough  time  to  rebuild,  which  leads  to  a  decrease  of  the  friction 
force  and  adhesive  force  for  Z-15  and  Z-DOL  (fully  bonded).  The  influence  of 
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relative  humidity  on  friction  and  adhesion  is  dominated  by  the  amount  of  adsorbed 
water  molecules.  Increasing  humidity  can  either  increase  friction  through  increased 
adhesion  by  water  meniscus  or  reduce  it  through  an  enhanced  water-lubricating 
effect.  Increasing  temperature  leads  to  desorption  of  the  water  layer,  decrease 
of  water  surface  tension,  decrease  of  viscosity,  and  easier  orientation  of  the 
Z-DOL  (fully  bonded)  molecules.  These  changes  cause  a  decrease  of  the  friction 
force  and  adhesion  at  high  temperature.  During  cycling  tests,  the  molecular  inter- 
action between  Z-15  molecules  attached  to  the  tip  and  the  Z-15  molecules  on  the 
film  surface  causes  an  initial  increase  of  friction.  Wear  tests  show  that  Z-DOL  (fully 
bonded)  can  apparently  improve  the  wear  resistance  of  silicon.  Partially  bonded 
PFPE  film  appears  to  be  more  durable  than  fully  bonded  films.  These  results  suggest 
that  partially/fully  bonded  films  are  good  lubricants  for  micro/nanoscale  devices 
operating  under  various  environmental  conditions. 

The  surface  potential  technique  has  been  shown  to  be  useful  in  detecting 
lubricant  removal  and  initiation  of  substrate  wear.  The  increase  in  surface  potential 
is  attributed  to  the  change  in  the  work  function  of  the  silicon  after  wear  and 
electrostatic  charge  buildup  of  debris  in  the  lubricant.  Coatings  with  a  mobile 
lubricant  fraction  were  better  able  to  protect  the  silicon  substrate  from  wear 
compared  with  the  fully  bonded  coating.  This  enhanced  protection  is  attributed  to 
a  lubricant  replenishment  mechanism.  The  contact  resistance  technique  provides 
information  complementary  to  surface  potential  data  in  detecting  exposure  of  the 
substrate  after  wear  and  is  a  promising  method  for  studying  conducting  lubricants. 

Degradation  of  novel  PFPE  lubricants  -  Z-DOL,  Z-TETRAOL,  A20H, 
and  Z-DOL  +  A20H  (vol.%30)  -  was  studied.  The  coefficient  of  friction  of 
Z-TETRAOL  is  lower  than  that  of  Z-DOL  and  A20H  in  high  vacuum.  Fully  bonded 
Z-TETRAOL  exhibited  higher  durability  than  fully  bonded  Z-DOL  on  Si,  and  both 
are  more  durable  than  untreated  Z-DOL.  A20H  shows  very  high  durability  in  high 
vacuum.  Environment  influences  the  friction  and  durability  of  PFPE  films.  Gene- 
rally, PFPE  films  are  less  durable  in  high  vacuum  than  in  other  environments 
because  of  intimate  contact  between  the  surfaces.  In  argon,  the  PFPE  films  show 
low  friction  and  high  durability.  Water  molecules  can  act  as  a  lubricant  for  PFPE 
films  at  a  moderate  humidity  level  while  they  can  penetrate  the  PFPE  films  and 
cause  increased  friction  at  a  high  humidity  level.  The  durability  of  fully  bonded 
Z-TETRAOL  and  partially  bonded  A20H  is  higher  than  that  of  Z-DOL  in  tested 
environments.  The  mixture  of  Z-DOL  +  A20H  (vol.%30)  shows  low  durability  in 
high  vacuum  but  high  durability  in  argon  and  air  at  various  humidity  levels. 

The  ionic  liquid  BMIM-PF6  exhibits  low  adhesion,  friction,  and  wear  properties 
comparable  to  the  PFPE  lubricant  Z-TETRAOL.  Based  on  the  surface  height, 
adhesion,  and  friction  data,  chemical  bonding  treatment  facilitates  attachment  of 
the  ionic  liquid  to  the  silicon  substrate  surface,  leading  to  a  more  uniform  coating 
and  lower  adhesion  force  and  coefficient  of  friction.  The  partially  bonded  coatings 
have  the  lowest  coefficient  of  friction  and  longest  durability  as  they  possess 
a  desirable  combination  of  lubricant  bonded  to  the  substrate  as  well  as  a  mobile 
fraction  which  facilitates  sliding.  In  micro-  and  nanoscale  experiments,  the  ionic 
liquid  exhibits  durability  comparable  to  that  of  the  lubricant  Z-TETRAOL,  which 
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has  high  thermal  stability  and  extremely  low  vapor  pressure.  The  low  postwear 
surface  potential  change  observed  on  silicon  coated  with  ionic  liquid  is  indicative 
of  enhanced  charge  dissipation  compared  with  Z-TETRAOL-coated  and  uncoated 
surfaces,  which  are  poor  conductors.  Contact  resistance  data  is  consistent  with  the 
surface  potential  data  with  regards  to  identifying  the  role  of  the  mobile  and 
immobile  lubricant  fractions  in  protecting  the  surface  from  wear. 

The  dicationic  liquid  BHPT  exhibits  superior  nanoscale  friction  and  wear  resis- 
tance properties.  This  is  attributed  to  the  presence  of  a  pentyl  chain  and  hydroxyl 
groups  on  both  chain  ends,  which  facilitate  molecular  orientation  as  well  as  bonding 
interactions  with  the  substrate  surface.  The  other  dicationic  liquid  investigated, 
BHPET,  has  less  desirable  adhesion,  friction,  and  wear  properties  compared  with 
either  BHPT  or  BMIM-PF6.  Intermolecular  hydrogen  bonding  in  BHPET  reduces 
the  chain  ordering  on  the  substrate  surface,  which  accounts  for  the  observed  higher 
adhesive  force  and  coefficient  of  friction  compared  with  the  other  ionic  liquids 
investigated.  From  the  nanoscale  wear  tests,  surface  potential,  and  contact  resis- 
tance imaging,  it  was  found  that  the  durability  of  the  films  decreases  in  the  order: 
BHPT  >  BMIM-PF6  >  BHPET.  The  microscale  coefficient  of  friction  is  higher 
than  the  nanoscale  value  due  to  the  differences  in  length  scale  and  configuration 
of  the  two  test  methods. 

Nanotribological  experiments  performed  under  various  humidity  and  tempera- 
ture conditions  indicate  that  the  adhesive  force  and  coefficient  of  friction  of 
the  ionic  liquid  films,  especially  BMIM-PF6  and  BHPET,  are  highly  sensitive  to 
the  amount  of  water  molecules  present  on  the  surface.  This  is  confirmed  by  FT1R 
spectroscopy,  where  the  BMIM-PF6  and  BHPET  films  show  peaks  corresponding 
to  hydrogen  bonding,  mainly  resulting  from  water  adsorption  and  partially  from 
intermolecular  interactions.  The  absence  of  this  peak  in  BHPT  indicates  that  a  much 
smaller  amount  of  water  is  adsorbed  by  this  IL,  which  is  consistent  with  its  superior 
nanotribological  properties.  The  anions  are  more  strongly  attached  to  the  substrate 
compared  with  the  cations.  The  anions  could  be  covalently  bonded,  while  the 
cations  are  chemically  adsorbed.  XPS  analysis  confirms  the  immobilization  of 
the  anion  onto  the  silicon  substrate. 
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Biomimetics  Inspired  Surfaces  for 
Superhydrophobicity,  Self-cleaning,  Low 
Adhesion,  and  Drag  Reduction 


Bharat  Bhushan  and  Yong  Chae  Jung 


Abstract  Nature  has  developed  materials,  objects,  and  processes  that  function 
from  the  macroscale  to  the  nanoscale.  The  emerging  field  of  biomimetics  allows 
one  to  mimic  biology  or  nature  to  develop  nanomaterials,  nanodevices,  and  pro- 
cesses which  provide  desirable  properties.  Hierarchical  structures  with  dimensions 
of  features  ranging  from  the  macroscale  to  the  nanoscale  are  extremely  common  in 
nature  to  provide  properties  of  interest.  There  are  a  large  number  of  objects 
including  bacteria,  plants,  land  and  aquatic  animals,  and  seashells  with  properties 
of  commercial  interest.  Certain  plant  leaves,  such  as  Lotus  leaves,  are  known  to  be 
superhydrophobic  and  self-cleaning  due  to  the  hierarchical  roughness  of  their  leaf 
surfaces.  The  self-cleaning  phenomenon  is  widely  known  as  the  "Lotus  effect". 
These  surfaces  with  high  contact  angle  and  low  contact  angle  hysteresis  with  a  self- 
cleaning  effect  also  exhibit  low  adhesion  and  drag  reduction  for  fluid  flow.  In  this 
article,  the  theoretical  mechanisms  of  the  wetting  of  rough  surfaces  are  presented 
followed  by  the  characterization  of  natural  leaf  surfaces.  The  next  logical  step  is 
to  realize  superhydrophobic  surfaces  based  on  understanding  of  the  leaves.  Next, 
a  comprehensive  review  is  presented  on  artificial  superhydrophobic  surfaces  fabri- 
cated using  various  fabrication  techniques  and  the  influence  of  micro-,  nano-  and 
hierarchical  structures  on  superhydrophobicity,  self-cleaning,  low  adhesion,  and 
drag  reduction.  An  aquatic  animal,  such  as  a  shark,  is  another  model  from  nature 
for  the  reduction  of  drag  in  fluid  flow.  The  artificial  surfaces  from  the  shark  skin 
have  been  created,  and  the  influence  of  structure  on  drag  reduction  efficiency  is 
discussed.  Furthermore,  oleophobic  surfaces  can  be  used  as  a  biomimetic  coating 
that  prevents  contamination  of  the  underwater  parts  of  ships  by  biological  and 
organic  contaminants,  including  oil.  The  article  discusses  the  wetting  behavior  of 
oil  droplets  on  various  superoleophobic  surfaces. 
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20.1     Introduction 

Biologically  inspired  design,  adaptation,  or  derivation  from  nature  is  referred  to  as 
'biomimetics'.  It  means  mimicking  biology  or  nature.  Biomimetics  is  derived  from 
the  Greek  word  biomimesis.  The  word  was  coined  by  polymath  Otto  Schmitt  in 
1957,  who,  in  his  doctoral  research,  developed  a  physical  device  that  mimicked  the 
electrical  action  of  a  nerve.  Other  words  used  include  bionics  (coined  in  1960  by 
Jack  Steele  of  Wright-Patterson  Air  Force  Base  in  Dayton,  OH),  biomimicry,  and 
biognosis.  The  field  of  biomimetics  is  highly  interdisciplinary.  It  involves  the 
understanding  of  biological  functions,  structures,  and  principles  of  various  objects 
found  in  nature  by  biologists,  physicists,  chemists,  and  material  scientists,  and  the 
design  and  fabrication  of  various  materials  and  devices  of  commercial  interest  by 
engineers,  material  scientists,  chemists,  and  others.  The  word  biomimetics  first 
appeared  in  Webster's  dictionary  in  1974  and  is  defined  as  'the  study  of  the 
formation,  structure  or  function  of  biologically  produced  substances  and  materials 
(as  enzymes  or  silk)  and  biological  mechanisms  and  processes  (as  protein  synthesis 
or  photosynthesis)  especially  for  the  purpose  of  synthesizing  similar  products  by 
artificial  mechanisms  which  mimic  natural  ones'  [1]. 

Nature  has  gone  through  evolution  over  the  3.8  Gyr  since  life  is  estimated  to 
have  appeared  on  the  Earth  [2].  Nature  has  evolved  objects  with  high  performance 
using  commonly  found  materials.  These  function  on  the  macroscale  to  the  nano- 
scale.  The  understanding  of  the  functions  provided  by  objects  and  processes  found 
in  nature  can  guide  us  to  imitate  and  produce  nanomaterials,  nanodevices,  and 
processes  [1], 

There  are  a  large  number  of  objects,  including  bacteria,  plants,  land  and  aquatic 
animals,  and  seashells,  with  properties  of  commercial  interest.  Figure  20.1  shows 
a  montage  of  some  examples  from  nature  [1].  Some  leaves  of  water-repellent 
plants,  such  as  Nelumbo  nucifera  (Lotus),  are  known  to  be  superhydrophobic  and 
self-cleaning  due  to  hierarchical  roughness  (microbumps  superimposed  with  a 
nanostructure)  and  the  presence  of  a  hydrophobic  wax  coating  [1,  4,  10-15]. 
Water  droplets  on  these  surfaces  readily  sit  on  the  apex  of  nanostructures  because 
air  bubbles  fill  in  the  valleys  of  the  structure  under  the  droplet.  Therefore,  these 
leaves  exhibit  considerable  superhydrophobicity  (Fig.  20.1a).  Two  strategies  used 
for  catching  insects  by  plants  for  digestion  are  having  sticky  surfaces  or  sliding 
structures.  As  an  example,  for  catching  insects  using  sticky  surfaces,  the  glands  of 
the  carnivorous  plants  of  the  genus  Pinguicula  (butterworts)  and  Drosera  (sundew), 
shown  in  Fig.  20.  lb,  secrete  adhesives  and  enzymes  to  trap  and  digest  small  insects, 
such  as  mosquitoes  and  fruit  flies  [4].  Pond  skaters  (Gerris  remigis)  have  the  ability 
to  stand  and  walk  upon  a  water  surface  without  getting  wet  (Fig.  20.1c).  Even  the 
impact  of  rain  droplets  with  a  size  greater  than  the  pond  skater's  size  does  not  make 
it  immerse  in  the  water.  Gao  and  Jiang  [5]  showed  that  the  special  hierarchical 
structure  of  the  pond  skater's  legs,  which  are  covered  by  large  numbers  of  oriented 
tiny  hairs  (microsetae)  with  fine  nanogrooves  and  covered  with  cuticle  wax,  makes 
the  leg  surfaces  superhydrophobic,  is  responsible  for  the  water  resistance,  and 
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Fig.  20.1  Montage  of  some  examples  from  nature:  (a)  Lotus  effect  [3],  (b)  glands  of  carnivorous 
plant  secrete  adhesive  to  trap  insects  [4],  (c)  pond  skater  walking  on  water  [5],  (d)  gecko  foot 
exhibiting  reversible  adhesion  [6],  (e)  scale  structure  of  shark  reducing  drag  [7],  (f)  wings  of  a  bird 
in  landing  approach,  (g)  spiderweb  made  of  silk  material  [8],  and  (h)  antireflective  moth's  eye  [9] 


enables  them  to  stand  and  walk  quickly  on  the  water  surface.  A  gecko  is  the  largest 
animal  that  can  produce  high  (dry)  adhesion  to  support  its  weight  with  a  high  factor 
of  safety.  Gecko  skin  is  comprised  of  a  complex  hierarchical  structure  of  lamellae, 
setae,  branches,  and  spatula  [6,  16,  17].  The  attachment  pads  on  two  feet  of  the 
Tokay  gecko  have  an  area  of  approximately  220  mm  (Fig.  20. Id).  Approximately 
3  x  10  setae  on  their  toes  can  produce  a  clinging  ability  of  approximately  20  N 
(vertical  force  required  to  pull  a  lizard  down  a  nearly  vertical  (85°)  surface)  and 
allow  them  to  climb  vertical  surfaces  at  speeds  of  over  1  m/s,  with  the  capability  to 
attach  or  detach  their  toes  in  milliseconds  [17].  Shark  skin,  which  is  a  model  from 
nature  for  a  low  drag  surface,  is  covered  by  very  small  individual  tooth-like  scales 
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called  dermal  denticles  (little  skin  teeth),  ribbed  with  longitudinal  grooves  (aligned 
parallel  to  the  local  flow  direction  of  the  water).  These  grooved  scales  reduce  the 
formation  of  vortices  present  on  a  smooth  surface,  resulting  in  water  moving 
efficiently  over  their  surface  [18].  An  example  of  scale  structure  on  the  right  front 
of  a  Galapagos  shark  {Carcharhinus  galapagensis)  is  shown  in  Fig.  20.  le  [7].  Birds 
consist  of  several  consecutive  rows  of  covering  feathers  on  their  wings,  which  are 
flexible  (Fig.  20.  If).  These  movable  flaps  develop  the  lift.  When  a  bird  lands,  a  few 
feathers  are  deployed  in  front  of  the  leading  edges  of  the  wings,  which  help  to 
reduce  the  drag  on  the  wings.  The  spider  generates  silk  fiber  and  has  a  sufficient 
supply  of  raw  material  for  its  silk  to  span  great  distances  [8,  19].  Spiderweb  is  a 
structure  built  of  a  one-dimensional  fiber  (Fig.  20. lg).  The  fiber  is  very  strong  and 
continuous  and  is  insoluble  in  water.  The  web  can  hold  a  significant  amount  of 
water  droplets,  and  it  is  resistant  to  rain,  wind,  and  sunlight  [8,  20].  The  eyes  of 
moths  are  antireflective  to  visible  light  and  consist  of  hundreds  of  hexagonally 
organized  nanoscopic  pillars,  each  approximately  200  nm  in  diameter  and  height, 
which  result  in  a  very  low  reflectance  for  visible  light  (Fig.  20. lh)  [9,  21].  These 
nanostructures'  optical  surfaces  make  the  eye  surface  nearly  antireflective  in  any 
direction. 

This  article  primarily  focuses  on  water-repellent  surfaces  such  as  the  Lotus  leaf 
(Fig.  20.1a),  which  exhibits  superhydrophobicity,  self-cleaning,  low  adhesion,  and 
drag  reduction.  Aquatic  animal  skin,  such  as  shark  skin  (Fig.  20.  le),  is  a  model  from 
nature  for  drag  reduction,  and  is  also  explored.  Furthermore,  oleophobic  and  self- 
cleaning  surfaces  inspired  from  aquatic  animals  are  discussed. 


20.1.1     Definitions  and  Applications 

The  primary  parameter  that  characterizes  wetting  is  the  static  contact  angle,  which 
is  defined  as  the  angle  that  a  liquid  makes  with  a  solid.  The  contact  angle  depends 
on  several  factors,  such  as  surface  energy,  surface  roughness,  and  its  cleanliness 
[22-27].  If  the  liquid  wets  the  surface  (referred  to  as  wetting  liquid  or  hydrophilic 
surface),  the  value  of  the  static  contact  angle  is  0  <  0  <  90°,  whereas  if  the  liquid 
does  not  wet  the  surface  (referred  to  as  a  non-wetting  liquid  or  hydrophobic 
surface),  the  value  of  the  contact  angle  is  90°  <  0  <  180°.  The  term  hydrophobic/ 
philic,  which  was  originally  applied  only  to  water  ("hydro-"  means  "water"  in 
Greek),  is  often  used  to  describe  the  contact  of  a  solid  surface  with  any  liquid.  The 
term  "oleophobic/philic"  is  used  with  regard  to  wetting  by  oil  and  organic  liquids. 
The  term  "amphiphobic/philic"  is  used  for  surfaces  that  are  both  hydrophobic/philic 
and  oleophobic/philic.  Surfaces  with  high  energy,  formed  by  polar  molecules,  tend 
to  be  hydrophilic,  whereas  those  with  low  energy  and  built  of  non-polar  molecules 
tend  to  be  hydrophobic. 

Surfaces  with  a  contact  angle  of  less  than  10°  are  called  superhydrophilic, 
while  surfaces  with  a  contact  angle  between  150°  and  180°  are  called  superhydro- 
phobic.  In  fluid  flow,  in  order  to  have  low  drag  and  for  applications  requiring  the 
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self-cleaning  feature,  in  addition  to  the  high  contact  angle,  superhydrophobic 
surfaces  should  also  have  very  low  water  contact  angle  hysteresis.  Water  droplets 
roll  off  (with  some  slip)  on  these  surfaces  and  take  contaminants  with  them, 
providing  the  self-cleaning  ability  known  as  the  "Lotus  effect".  The  contact  angle 
at  the  front  of  the  droplet  (advancing  contact  angle)  is  greater  than  that  at  the  back 
of  the  droplet  (receding  contact  angle),  resulting  in  contact  angle  hysteresis  (CAH), 
which  is  the  difference  between  the  advancing  and  receding  contact  angles,  repre- 
senting two  stable  values.  It  occurs  due  to  surface  roughness  and  surface  heteroge- 
neity. Contact  angle  hysteresis  reflects  the  irreversibility  of  the  wetting/dewetting 
cycle.  It  is  a  measure  of  energy  dissipation  during  the  flow  of  a  droplet  along  a  solid 
surface.  At  a  low  value  of  CAH,  the  droplets  may  roll  in  addition  to  slide,  which 
facilitates  removal  of  contaminant  particles.  Surfaces  with  low  contact  angle 
hysteresis  have  a  low  water  roll-off  (tilt)  angle,  which  denotes  the  angle  to  which 
a  surface  must  be  tilted  for  roll  off  of  water  drops  [27-34].  Surfaces  with  CAH  or  a 
low  tilting  angle  of  less  than  <10°  are  generally  referred  to  as  self-cleaning 
surfaces.  Self-cleaning  surfaces  are  of  interest  in  various  applications,  including 
self-cleaning  windows,  windshields,  exterior  paints  for  buildings  and  navigation 
ships,  utensils,  roof  tiles,  textiles,  solar  panels,  and  applications  requiring  antifoul- 
ing  and  a  reduction  of  drag  in  fluid  flow,  e.g.,  in  micro/nanochannels. 

Superhydrophobic  surfaces  can  also  be  used  for  energy  conservation  and 
conversion  [35-37].  Recent  advances  in  superhydrophobic  surfaces  make  such 
applications  possible.  Several  concepts  can  be  used.  First,  the  hydrophobic/philic 
properties  of  a  surface  significantly  affect  the  capillary  adhesion  force  that,  in  turn, 
affects  friction  and  energy  dissipation  during  the  sliding  contact  of  solid  surfaces. 
Selection  of  a  proper  superhydrophobic  surface  allows  the  reduction  of  energy 
dissipation.  Second,  superhydrophobic  and  superoleophobic  surfaces  can  be  used 
for  fuel  economy.  Third,  the  recently  discovered  effect  of  reversible  superhydro- 
phobicity provides  potential  for  new  ways  of  energy  conversion  such  as  the 
microscale  capillary  engine. 

Wetting  may  lead  to  the  formation  of  concave  shaped  menisci  at  the  interface 
between  hydrophilic  solid  bodies  during  static  or  sliding  contact.  These  menisci 
develop  a  negative  pressure  leading  to  an  intrinsic  attractive  force  which  increases 
adhesion  and  friction  (Fig.  20.2).  In  some  cases,  the  wet  friction  force  can  be  greater 
than  the  dry  friction  force,  which  is  usually  undesirable  [24-26,  38,  39].  On  the 
other  hand,  high  adhesion  is  desirable  in  some  applications,  such  as  adhesive  tapes 
and  adhesion  of  cells  to  biomaterial  surfaces;  therefore,  enhanced  wetting  would  be 
desirable  in  these  applications.  Numerous  applications,  such  as  magnetic  storage 
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Fig.  20.2  A  schematic 
diagram  of  condensed  water 
vapor  from  the  environment 
forming  meniscus  bridges  at 
asperity  contacts  which  lead 
to  an  intrinsic  attractive  force 


A  rough  surface 


Menisci  formed  around      A  smooth  surface 
welted  asperities 


Liquid 
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devices  and  micro/nanoelectromechanical  systems  (MEMS/NEMS),  require  sur- 
faces with  low  adhesion  and  stiction  [26,  38-43].  As  the  size  of  these  devices 
decreases,  surface  forces  tend  to  dominate  over  the  volume  forces,  and  adhesion 
and  stiction  constitute  a  challenging  problem  for  proper  operation  of  these  devices. 
This  makes  the  development  of  superhydrophobic  surfaces  with  non-adhesive 
characteristics  crucial  for  many  of  these  emerging  applications. 


20.1.2    Natural  Superhydrophobic,  Self-cleaning,  Low  Adhesion, 
and  Drag  Reduction  Surfaces 

In  the  1990s,  biologists  and  materials  scientists  started  to  study  natural  superhy- 
drophobic surfaces.  Among  them  are  the  leaves  of  water-repellent  plants  such  as 
Nelumbo  nucifera  (Lotus)  and  Colocasia  esculenta,  which  have  high  contact  angles 
with  water  (Fig.  20.3)  [1,  4,  10-15].  The  leaf  surface  is  very  rough  due  to  so-called 
papillose  epidermal  cells,  which  form  papillae  or  microasperties.  In  addition  to  the 
microscale  roughness,  the  surface  of  the  papillae  is  also  rough,  with  nanoscale 
asperities  composed  of  three-dimensional  epicuticular  waxes  which  are  long  chain 
hydrocarbons  and  hydrophobic.  The  waxes  of  Lotus  exist  as  tubules,  but  on  other 
leaves,  waxes  exist  also  in  the  form  of  platelets  or  other  morphologies  [4,  15].  The 
hierarchical  structure  of  these  leaves  has  been  studied  by  Burton  and  Bhushan  [13] 
and  Bhushan  and  Jung  [14].  The  water  droplets  on  these  surfaces  readily  sit  on  the 


Lotus  leaf  (Nelumbo  nucifera) 


Droplet  on  a  Lotus  leaf 


Fig.  20.3  SEM  micrographs  (shown  at  three  magnifications)  of  Lotus  (Nelumbo  nucifera)  leaf 
surface  which  consists  of  microstructure  formed  by  papillose  epidermal  cells  covered  with  3-D 
epicuticular  wax  tubules  on  surface,  which  create  nanostructure,  and  image  of  water  droplet  sitting 
on  the  Lotus  leaf  [3] 
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Wetting  of  four  different  surfaces 


Nanostructure      Microstructure   Hierarchical  structure 


Fig.  20.4  Schematic  and  wetting  of  the  four  different  surfaces.  The  largest  contact  area  between 
the  droplet  and  the  surface  is  given  in  flat  and  microstructured  surfaces,  but  is  reduced  in 
nanostructured  surfaces  and  is  minimized  in  hierarchical  structured  surfaces 

apex  of  the  nanostructures  because  air  bubbles  fill  in  the  valleys  of  the  structure 
under  the  droplet.  Therefore,  these  leaves  exhibit  considerable  superhydrophobi- 
city. Static  contact  angle  and  contact  angle  hysteresis  of  a  Lotus  leaf  are  about  164° 
and  3°,  respectively  [3,  44].  The  water  droplets  on  the  leaves  remove  any  contami- 
nant particles  from  their  surfaces  when  they  roll  off,  leading  to  self-cleaning  [10].  It 
has  been  reported  that  all  superhydrophobic  and  self-cleaning  leaves  consist  of  an 
intrinsic  hierarchical  structure  [4,  15].  Hierarchical  structure  provides  air  pocket 
formation,  leading  to  the  lowest  contact  area  of  an  applied  water  droplet  (Fig.  20.4), 
resulting  in  the  reduction  of  contact  angle  hysteresis,  tilt  angle,  and  adhesive  force 
[3,  27,  30].  Other  examples  of  biological  objects  include  water  striders  (Gerris 
remigis)  [5]  and  mosquito  (Culex  pipiens)  eyes  [45].  Their  hierarchical  structures 
are  responsible  for  superhydrophobicity.  Duck  feathers  and  butterfly  wings  also 
provide  superhydrophobicity  [1].  Their  corrugated  surfaces  provide  air  pockets  that 
prevent  water  from  completely  touching  the  surface. 


20.1.3    Natural  Superoleophobic,  Self-cleaning,  and  Drag 
Reduction  Surfaces 

A  model  surface  for  superoleophobicity  and  self-cleaning  is  provided  by  fish  which 
are  known  to  be  well  protected  from  contamination  by  oil  pollution  although  they 
are  wetted  by  water  [36].  Fish  scales  have  a  hierarchical  structure  consisting  of 
sector-like  scales  with  diameters  of  4-5  mm  covered  by  papillae  10-300  um  in 
length  and  30-40  um  in  width  [46].  Shark  skin,  which  is  a  model  from  nature  for  a 
low  drag  surface,  is  covered  by  very  small  individual  tooth-like  scales  called  dermal 
denticles  (little  skin  teeth),  ribbed  with  longitudinal  grooves  (aligned  parallel  to  the 
local  flow  direction  of  the  water).  These  grooved  scales  reduce  vortices  formation 
present  on  a  smooth  surface,  resulting  in  water  moving  efficiently  over  their  surface 
[1,  18,  47,  48].  The  water  surrounding  these  complex  structures  can  lead  to 
protection  from  marine  fouling  and  play  a  role  in  the  defense  against  adhesion 
and  growth  of  marine  organisms,  e.g.,  bacteria  and  algae  [4,  9].  If  oil  is  present  on 
the  surfaces  in  air  or  water,  surfaces  are  known  to  be  oleophobic  and  may  provide 
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self-cleaning  and  anti-fouling.  The  many  sea  animals  including  fish  and  shark  are 
known  to  be  oleophobic  under  water.  Superoleophobic  surfaces  can  also  reduce 
significant  losses  of  residual  fuel  in  fuel  tanks  and  pipes  [35]. 


20.1.4    Roughness-Induced  Superhydrophobicity,  Self-cleaning, 
Low  Adhesion,  and  Drag  Reduction 

One  of  the  ways  to  increase  the  hydrophobic  or  hydrophilic  properties  of  a  surface 
is  to  increase  surface  roughness,  so  roughness-induced  hydrophobicity  or  hydro- 
philicity  has  become  the  subject  of  extensive  investigations.  Wenzel  [49]  suggested 
a  simple  model  predicting  that  the  contact  angle  of  a  liquid  with  a  rough  surface  is 
different  from  that  with  a  smooth  surface.  Cassie  and  Baxter  [50]  showed  that  a 
gaseous  phase  including  water  vapor,  commonly  referred  to  as  "air"  in  the  litera- 
ture, may  be  trapped  in  the  cavities  of  a  rough  surface,  resulting  in  a  composite 
solid-liquid-air  interface,  as  opposed  to  the  homogeneous  solid-liquid  interface. 
These  two  models  describe  two  possible  wetting  regimes  or  states:  the  homoge- 
neous (Wenzel)  and  the  composite  (Cassie-Baxter)  regimes.  Johnson  and  Dettre 
[51]  showed  that  the  homogeneous  and  composite  interfaces  correspond  to  the  two 
equilibrium  states  of  a  droplet.  Many  authors  have  investigated  the  stability  of 
artificial  superhydrophobic  surfaces  and  showed  that  whether  the  interface  is 
homogeneous  or  composite  may  depend  on  the  history  of  the  system,  in  particular 
whether  the  liquid  was  applied  from  the  top  or  condensed  at  the  bottom  [52-57]. 
Extrand  [28]  pointed  out  that  whether  the  interface  is  homogeneous  or  composite 
depends  on  roughness  structure  and  droplet  size.  It  has  also  been  suggested  that  the 
hierarchical  roughness,  composed  by  superposition  of  two  roughness  patterns  at 
different  length-scales  [27,  31-33,  36,  37,  58-64],  and  fractal  roughness  [33,  65] 
may  enhance  superhydrophobicity. 

Herminghaus  [58]  showed  that  certain  self-affine  profiles  may  result  in  super- 
hydrophobic surfaces  even  for  wetting  liquids,  if  the  local  equilibrium  condition  for 
the  triple  line  (line  of  contact  between  solid,  liquid  and  air)  is  satisfied.  Nosonovsky 
and  Bhushan  [66,  67]  pointed  out  that  such  configurations,  although  formally 
possible,  are  likely  to  be  unstable.  Nosonovsky  and  Bhushan  [67,  68]  proposed  a 
probabilistic  model  for  wetting  of  rough  surfaces  with  a  certain  probability  asso- 
ciated with  every  equilibrium  state.  According  to  their  model,  the  overall  contact 
angle  with  a  two-dimensional  rough  profile  is  calculated  by  assuming  that  the 
overall  configuration  of  a  droplet  occurs  as  a  result  of  superposition  of  numerous 
metastable  states.  The  probability-based  concept  is  consistent  with  the  experimental 
data  [3,  30,  44,  69-78],  which  suggests  that  the  transition  between  the  composite 
and  homogeneous  interfaces  is  gradual,  rather  than  instant.  Nosonovsky  and 
Bhushan  [27,  31-33,  61,  63,  64,  79-81]  have  identified  mechanisms  which  lead 
to  the  destabilization  of  the  composite  interface,  namely  the  capillary  waves, 
condensation  and  accumulation  of  nanodroplets,  and  surface  inhomogeneity. 
These  mechanisms  are  scale-dependent,  with  different  characteristic  length  scales. 
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To  effectively  resist  these  scale-dependent  mechanisms,  a  multiscale  (hierarchical) 
roughness  is  required.  High  asperities  resist  the  capillary  waves,  while  nanobumps 
prevent  nanodroplets  from  filling  the  valleys  between  asperities  and  pin  the  tripe 
line  in  case  of  a  hydrophilic  spot. 

Various  criteria  have  been  formulated  to  predict  the  transitions  from  a  metasta- 
ble  composite  state  to  a  wetted  state.  Extrand  [82]  formulated  the  transition 
criterion  referred  to  as  the  contact  line  density  criterion,  which  was  obtained  by 
balancing  the  droplet  weight  and  the  surface  forces  along  the  contact  line.  Patankar 
[56]  proposed  a  transition  criterion  based  on  energy  balance.  There  is  an  energy 
barrier  in  going  from  a  higher  energy  Cassie-Baxter  droplet  to  a  lower  energy 
Wenzel  droplet.  The  most  probable  mechanism  is  that  the  decrease  in  the  gravita- 
tional potential  energy  during  the  transition  helps  in  overcoming  the  energy  barrier. 
This  energy  barrier  was  estimated  by  considering  an  intermediate  state  in  which  the 
water  fills  the  grooves  below  the  contact  area  of  a  Cassie-Baxter  droplet  but  the 
liquid-solid  contact  is  yet  to  be  formed  at  the  bottom  of  the  valleys.  These  criteria 
were  tested  on  selected  experiments  from  the  literature  [57,  83-85].  Bhushan  et  al. 
[70]  and  Nosonovsky  and  Bhushan  [62,  63]  found  that  the  transition  occurs  at  a 
critical  value  of  the  spacing  factor,  a  non-dimensional  parameter  which  is  defined  as 
the  diameter  of  the  pillars  divided  by  the  pitch  distance  between  them  for  patterned 
surfaces  and  its  ratio  to  the  droplet  size.  Bhushan  and  Jung  [30,  69]  and  Jung  and 
Bhushan  [75-77]  proposed  the  transition  criterion  based  on  the  pitch  distance 
between  the  pillars  and  the  curvature  of  the  droplet  governed  by  the  Laplace 
equation,  which  relates  the  pressure  inside  the  droplet  to  its  curvature.  In  addition, 
the  transition  can  occur  by  applying  external  pressure  to  the  droplet,  or  by  the 
impact  of  a  droplet  on  the  patterned  surfaces  [55,  77,  78,  81,  86-88]. 

Contact  angle  on  selected  patterned  surfaces  has  been  measured  to  understand 
how  the  transition  between  the  Cassie-Baxter  regime  and  Wenzel  regime  occurs. 
Evaporation  studies  are  useful  in  characterizing  the  wetting  behavior  because 
droplets  with  various  sizes  can  be  created  to  evaluate  the  transition  criterion  on  a 
given  patterned  surface  [3,  31,  32,  62,  71,  73-76,  79,  80,  89-92].  It  has  been 
reported  that  the  wetting  state  changes  from  the  Cassie-Baxter  to  Wenzel  state  as 
the  droplet  becomes  smaller  than  a  critical  value  on  patterned  surfaces  during  eva- 
poration. Another  important  phenomenon  related  to  wetting  behavior  is  the  bounc- 
ing of  droplets.  When  a  droplet  hits  a  surface,  it  can  bounce,  spread,  or  stick.  In 
practical  applications  of  superhydrophobic  surfaces,  surfaces  should  maintain  their 
ability  to  repel  penetrating  droplets  under  dynamic  conditions.  Jung  and  Bhushan 
[77]  and  Nosonovsky  and  Bhushan  [81]  showed  that  the  transition  can  occur  by  the 
impact  of  a  droplet  on  a  given  patterned  surface  at  a  critical  velocity  with  a  critical 
geometric  parameter. 

An  environmental  scanning  electron  microscope  (ESEM)  can  be  used  to  con- 
dense or  evaporate  water  droplets  on  surfaces  by  adjusting  the  pressure  of  the  water 
vapor  in  the  specimen  chamber  and  the  temperature  of  the  cooling  stage.  Transfer 
of  the  water  droplet  has  been  achieved  by  a  specially  designed  micro-injector 
device  on  wool  fibers  and  then  imaged  at  room  temperature  in  ESEM  [93].  Images 
of  water  droplets  show  strong  topographic  contrast  in  ESEM  such  that  reliable 
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contact  angle  measurements  can  be  made  on  the  surfaces  [94].  Water  condensation 
and  evaporation  studies  on  patterned  surfaces  were  carried  out  by  Jung  and 
Bhushan  [76]  and  Nosonovsky  and  Bhushan  [3 1 ,  32,  62,  79,  80]  where  the  change 
of  static  contact  angle  and  contact  angle  hysteresis  was  related  with  the  surface 
roughness. 

It  has  been  demonstrated  experimentally  that  roughness  changes  contact  angle 
in  accordance  with  the  Wenzel  model  or  Cassie-Baxter  model,  dependent  upon 
whether  the  surface  is  hydrophilic  or  hydrophobic.  Yost  el  al.  [95]  found  that  rough- 
ness enhances  wetting  of  a  copper  surface  with  Sn-Pb  eutectic  solder,  which  has 
a  contact  angle  of  15-20°  for  a  smooth  surface.  Shibuichi  et  al.  [65]  measured  the 
contact  angle  of  various  liquids  (mixtures  of  water  and  1,4-dioxane)  on  alkylketene 
dimmer  (AKD)  substrate  (contact  angle  not  larger  than  109°  for  a  smooth  surface). 
They  found  that  for  wetting  liquids,  the  contact  angle  decreases  with  increasing 
roughness,  whereas  for  non-wetting  liquids  it  increases.  Semal  et  al.  [96]  investi- 
gated the  effect  of  surface  roughness  on  contact  angle  hysteresis  by  studying  a 
sessile  droplet  of  squalane  spreading  dynamically  on  multilayer  substrates  (behenic 
acid  on  glass)  and  found  an  increase  in  microroughness  slows  the  rate  of  droplet 
spread.  Erbil  et  al.  [97]  measured  the  contact  angle  of  polypropylene  (contact  angle  of 
104°  for  smooth  surface)  and  found  that  the  contact  angle  increases  with  increas- 
ing roughness.  Burton  and  Bhushan  [98]  measured  contact  angle  with  roughness  of 
patterned  surfaces  and  found  that  in  the  case  of  hydrophilic  surfaces,  it  decreases 
with  increasing  roughness,  and  for  hydrophobic  surfaces,  it  increases  with  increas- 
ing roughness.  Bhushan  and  Jung  [30,  69],  Jung  and  Bhushan  [75-77,  99],  Bhushan 
et  al.  [3,  70-74],  and  Koch  et  al.  [44]  studied  the  influence  of  micro-,  nano-  and 
hierarchical  structures,  created  by  replication  of  micropatterns  and  by  self  assembly 
of  hydrophobic  alkanes  and  plant  wax,  on  static  contact  angle,  contact  angle  hys- 
teresis, tilt  angle  and  air  pocket  formation,  adhesive  force  as  well  as  efficiency 
of  self-cleaning.  They  showed  that  for  micro-,  nano-  and  hierarchical  structures,  the 
introduction  of  roughness  increased  the  hydrophobic ity  of  the  surfaces.  A  hierar- 
chical structure  composed  of  a  microstructure  with  a  superimposed  nanostructure  of 
hydrophobic  waxes  led  to  superhydrophobicity  with  static  contact  angles  of  173° 
and  low  contact  angle  hysteresis  of  2°.  Jung  and  Bhushan  [100]  produced  mecha- 
nically durable  carbon  nanotubes  (CNT)  composite  hierarchical  structures  with 
a  static  contact  angle  of  170°  and  a  contact  angle  hysteresis  of  2°  by  replication 
of  a  micropatterned  silicon  surface  using  an  epoxy  resin  and  by  deposition  of  the 
CNT  composite  using  a  spray  method.  They  showed  that  the  CNT  composite  struc- 
ture had  high  mechanical  strength  and  wear  resistance  from  the  uniform  distribution 
and  strong  bonding  of  CNT  on  substrates. 

Drag  reduction  in  fluid  flow  is  of  interest  in  micro/nanofluidics  based  biosensor 
applications  [39].  To  reduce  pressure  drop  and  volume  loss  in  micro/nanochannels, 
it  is  desirable  to  minimize  the  drag  force  in  the  solid-liquid  interface.  It  is  generally 
assumed  that  the  relative  velocity  between  a  solid  wall  and  liquid  is  zero  at  the 
solid-liquid  interface,  which  is  so  called  the  no-slip  boundary  condition  (Fig.  20.5 
left)  [101,  102].  However,  this  assumption  has  been  widely  debated  for  hydropho- 
bic surfaces,  and  fluid  film  exhibits  a  phenomenon  known  as  slip,  which  means 


20     Biomimetics  Inspired  Surfaces  for  Superhydrophobicity,  Self-cleaning 


543 


Fig.  20.5    Schematic  of 
velocity  profiles  of  fluid  flow 
without  and  with  boundary 
slip.  The  definition  of  slip 
length  b  characterizes  the 
degree  of  boundary  slip  at 
solid-liquid  interface.  The 
arrows  represent  directions 
for  fluid  flow 


Solid  surface 


Flow  direction 


Solid  surface 


Velocity  profile  without  slip        Velocity  profile  with  slip 


T 

— X,  Solid  surface 

"\ 

* 

\ 

\ 

~~ *    V 

M 

/ 

*' 

•1 

-y''  Solid  surface 

that  the  fluid  velocity  near  the  solid  surface  is  not  equal  to  the  velocity  of  the  solid 
surface  (Fig.  20.5  right)  [103-109].  The  degree  of  boundary  slip  at  the  solid-liquid 
interface  is  characterized  by  a  slip  length.  Slip  length  b  is  defined  as  the  length  of 
the  vertical  intercept  along  the  axis  orthogonal  to  the  interface  when  a  tangent  line 
is  drawn  along  the  velocity  profile  at  the  interface  (Fig.  20.5  right).  Recent  experi- 
ments with  surface  force  apparatus  (SFA)  [110-112],  atomic  force  microscopy 
(AFM)  [108,  109,  113],  and  particle  image  velocimetry  (PIV)  [114]  techniques 
have  reported  slip  length  on  hydrophobic  surfaces,  and  no  slip  was  observed  on 
hydrophilic  surfaces  [110, 1 12-1 16].  Theoretical  studies  [1 17-120]  and  experimen- 
tal studies  [109,  121-123]  suggest  that  the  presence  of  nanobubbles  at  the  solid- 
liquid  interface  is  responsible  for  boundary  slip  on  hydrophobic  surfaces. 


20.1.5    Roughness-Induced  Superoleophobicity 


The  surface  tension  of  oil  and  organic  liquids  is  lower  than  that  of  water,  so  to 
create  a  superoleophobic  surface,  the  surface  energy  of  the  solid  surface  in  air 
should  be  lower  than  that  of  oil.  For  underwater  applications,  if  an  oil  droplet  is 
placed  on  a  solid  surface  in  water,  the  solid-water-oil  interface  exists.  The  nature  of 
oleophobicity/philicity  of  an  oil  droplet  in  water  can  be  determined  from  the  values 
of  surface  energies  of  various  interfaces  and  contact  angles  of  water  and  oil  in  air. 
Many  superoleophobic  surfaces  have  been  developed  by  modifying  the  surface 
chemistry  with  a  coating  of  extreme  low  surface  energy  materials  [47,  124-130]. 
Tuteja  et  al.  [130]  showed  that  surface  curvature,  in  conjunction  with  chemical 
composition  and  roughened  texture,  can  be  used  for  liquids  with  low  surface 
tension,  including  alkanes  such  as  decane  and  octane.  Liu  et  al.  [46]  performed 
experiments  in  a  solid-water-oil  interface.  They  found  that  hydrophilic  and  oleo- 
philic surfaces  (solid-air-water  interface  and  solid-air-oil  interface)  can  switch  to 
an  oleophobic  surface  in  water  (solid-water-oil  interface).  As  a  result,  oil  con- 
taminants are  washed  away  when  immersed  in  water.  This  effect  can  be  employed 
for  underwater  oleophobicity  and  self-cleaning  that  can  be  used  against  marine  ship 
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fouling  [36].  Jung  and  Bhushan  [47]  proposed  a  model  for  predicting  the  oleopho- 
bic/philc  nature  of  surfaces  and  showed  how  the  water  and  oil  droplets  in  three 
phase  interfaces  influence  the  wetting  behavior  on  micropatterned  surfaces  with 
varying  pitch  values  as  well  as  the  shark  skin  replica  as  an  example  of  aquatic 
animal. 


20.1.6    Scope  of  the  Article 

In  this  article,  numerical  models  which  provide  relationships  between  roughness 
and  contact  angle  and  contact  angle  hysteresis  as  well  as  the  Cassie-Baxter  and 
Wenzel  regime  transition  are  discussed.  The  role  of  microbumps  and  nanobumps  is 
examined  by  analyzing  the  surface  characterization  of  hydrophobic  and  hydrophilic 
leaves  on  the  micro-  and  nanoscale.  Along  with  measuring  and  characterizing 
surface  roughness,  the  contact  angle  and  adhesion  and  friction  properties  of  these 
leaves  are  also  considered.  The  knowledge  gained  by  examining  these  properties  of 
the  leaves  and  by  quantitatively  analyzing  the  surface  structure  will  help  in  the 
design  of  superhydrophobic  and  self-cleaning  surfaces.  Next,  the  techniques  of 
producing  superhydrophobic  surfaces  are  described.  Micro-,  nano-  and  hierarchical 
patterned  structures  have  been  fabricated  using  soft  lithography,  photolithography, 
and  techniques  which  involve  the  replication  of  micropatterns,  self  assembly  of 
hydrophobic  alkanes  and  plant  waxes,  and  a  spray  coating  of  carbon  nanotubes. 
They  have  been  characterized  to  validate  the  models  and  to  provide  design  guide- 
lines for  superhydrophobic  and  self-cleaning  surfaces.  To  further  examine  the  effect 
of  meniscus  force  and  real  area  of  contact,  scale  dependence  is  considered  with  the 
use  of  AFM  tips  of  various  radii.  To  investigate  how  the  effects  of  droplet  size  and 
impact  velocity  influence  the  transition,  evaporation  and  bouncing  studies  are 
conducted  on  silicon  surfaces  patterned  with  pillars  of  two  different  diameters 
and  heights  and  with  varying  pitch  values  and  deposited  with  a  hydrophobic 
coating.  In  order  to  generate  submicron  droplets,  an  atomic  force  microscopy- 
based  technique  using  a  modified  nanoscale  dispensing  probe  is  presented.  An 
ESEM  study  on  the  wetting  behavior  for  a  microdroplet  with  about  20  urn  radius 
on  the  micropatterned  Si  surfaces  is  presented.  For  the  durability  of  the  various 
fabricated  surfaces,  the  loss  of  superhydrophobicity  as  well  as  wear  and  friction  is 
investigated. 

Artificial  surfaces  from  shark  skin,  which  is  one  of  the  examples  found  in  nature 
for  drag  reduction,  have  been  created.  To  investigate  drag  reduction  efficiency  on 
biomimetic  structured  surfaces,  pressure  drop  experiments  in  the  channel  are 
conducted  using  laminar  and  turbulent  water  and  air  flows. 

A  model  for  predicting  the  oleophobic/philc  nature  of  the  surfaces  is  discussed. 
To  validate  the  model,  it  is  investigated  how  the  water  and  oil  droplets  in  three 
phase  interfaces  influence  the  wetting  behavior  on  micropatterned  surfaces  with 
varying  pitch  values  and  the  nano-  and  hierarchical  structures  as  well  as  the  shark 
skin  replica  as  an  example  of  aquatic  animal. 
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20.2     Modeling  of  Contact  Angle  for  a  Liquid  in  Contact 
with  a  Rough  Surface 

20.2.1     Contact  Angle  Definition 

The  surface  atoms  or  molecules  of  liquids  or  solids  have  fewer  bonds  with  neigh- 
boring atoms,  and  therefore,  they  have  higher  energy  than  similar  atoms  and 
molecules  in  the  interior.  This  additional  energy  is  characterized  quantitatively  by 
the  surface  tension  or  free  surface  energy  y,  which  is  equal  to  the  work  that  is 
required  to  create  a  unit  area  of  the  surface  at  a  constant  pressure  and  temperature. 
The  unit  of  y  is  J/m2  or  N/m,  and  it  can  be  interpreted  either  as  energy  per  unit 
surface  area  or  as  tension  force  per  unit  length  of  a  line  at  the  surface.  When  a  solid 
is  in  contact  with  liquid,  the  molecular  attraction  will  reduce  the  energy  of  the 
system  below  that  for  the  two  separated  surfaces.  This  is  expressed  by  the  Dupre 
equation 

wSL  =  ySA  +  yLA-ysL  C20-1) 

where  V^sl  is  the  work  of  adhesion  per  unit  area,  ySA  and  ySL  are  the  surface 
energies  of  the  solid  against  air  and  liquid,  and  yLA  is  the  surface  energy  of  liquid 
against  air  [22-24]. 

If  a  liquid  droplet  is  placed  on  a  solid  surface,  the  liquid  and  solid  surfaces  come 
together  under  equilibrium  at  a  characteristic  angle  called  the  static  contact  angle 
60  (Fig.  20.6).  This  contact  angle  can  be  determined  by  minimizing  the  net  surface 
free  energy  of  the  system  [22-24].  The  total  energy  Etot  is  given  by  [27,  66] 

Em  =  7 la  (Ala  +  ASL)  -  WSLASL  (20.2) 

where  ASL  and  A^  are  the  contact  areas  of  the  liquid  with  the  solid  and  air, 
respectively.  It  is  assumed  that  the  droplet  of  density  p  is  smaller  than  the  capillary 
length,  (yLA/pg)  »  so  that  the  gravitational  potential  energy  can  be  neglected.  It  is 
also  assumed  that  the  volume  and  pressure  are  constant,  so  that  the  volumetric 
energy  does  not  change.  At  the  equilibrium  dEtot  =  0,  which  yields 
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Fig.  20.6    Schematic  of 
liquid  droplet  in  contact  with 
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yLA (dALA  +  dASL)  -  WSLdASL  =  0  (20.3) 

For  a  droplet  of  constant  volume,  it  is  easy  to  show  using  geometrical  considera- 
tions, that 

dALA/dASL  =  cos  0O  (20.4) 

Combining  (20.1,  20.3  and  20.4),  the  well-known  Young  equation  for  the  contact 
angle  is  obtained 

cos  60  =  7sA  -  7sL  (20.5) 

~?LA 

Equation  (20.5)  provides  an  expression  for  the  static  contact  angle  for  given  surface 
energies.  Note  that  although  we  use  the  term  "air",  the  analysis  does  not  change  in 
the  case  of  another  gas,  such  as  water  vapor. 


20.2.2    Heterogeneous  Interfaces  and  the  Wenzel 
and  Cassie-Baxter  Equations 

In  this  section,  we  introduce  and  discuss  the  equations  that  govern  the  contact  angle 
of  liquid  with  a  rough  surface  and  heterogeneous  interface. 

We  first  consider  a  water  droplet  on  a  rough  surface  with  a  homogeneous 
interface.  The  interface  area  increases  with  respect  to  that  for  a  smooth  surface. 
Using  the  surface  force  balance  and  empirical  considerations,  the  contact  angle  of  a 
water  droplet  upon  a  rough  solid  surface,  6,  is  related  to  that  upon  a  smooth  surface, 
0o  for  a  homogeneous  interface  (Fig.  20.7a),  through  the  non-dimensional  surface 
roughness  factor,  Rf  >  1 ,  equal  to  the  ratio  of  the  surface  area,  ASL,  to  its  flat 
projected  area,  AF  [49] 

dA^      Ml  dALA 

cos  0  =    -     =  — —  =  Rf  cos  (J0  (20.6) 

dAF       AF  dASL 

where, 

Rf  =  ^  (20.7) 

Af 

This  is  called  the  Wenzel  equation.  The  dependence  of  the  contact  angle  on  the 
roughness  factor  is  presented  in  Fig.  20.8a  for  different  values  of  0o.  The  Wenzel 
model  predicts  that  a  hydrophobic  surface  (00  >  90°)  becomes  more  hydrophobic 
with  an  increase  in  Rf,  while  a  hydrophilic  surface  (60  <  90°)  becomes  more 
hydrophilic  with  an  increase  in  Rf  [66,  99].  As  an  example,  Fig.  20.8b  shows  a 
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Fig.  20.7    Schematics  of 
configurations  described  by 
the  (a)  Wenzel  equation  for 
the  homogeneous  interface 
(20.6),  (b)  Cassie-Baxter 
equation  for  the  composite 
interface  with  air  pockets 
(20.9),  and  (c)  the  Cassie 
equation  for  the 
homogeneous  interface 
(20.10)  [79] 
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Fig.  20.8  (a)  Contact  angle  for  rough  surface  (8)  as  a  function  of  the  roughness  factor  (Rf)  for 
various  contact  angles  of  the  smooth  surface  (0O),  and  (b)  schematic  of  square -based  hemispheri- 
cally-topped  pyramidal  asperities  with  complete  packing  [66] 
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geometry  with  square-based  hemispherically-topped  pyramidal  asperities  with  a 
rounded  top,  which  has  complete  packing.  The  size  and  shape  of  the  asperities  can 
be  optimized  for  a  desired  roughness  factor. 

In  a  similar  manner,  for  a  surface  composed  of  two  fractions,  one  with  the 
fractional  area/;  and  the  contact  angle  Ql  and  the  other  with/?  and  92,  respectively 
(so  that  / j  -\-f2  =  1),  the  contact  angle  for  the  heterogeneous  interface  is  given  by 
the  Cassie  equation  [50] 

cos0=/icosfli+/2cos02  (20.8) 

For  the  case  of  a  composite  interface  (Fig.  20.7b),  consisting  of  a  solid-liquid  frac- 
tion (fj  =fSL,  ®i  =  %)  and  liquid-arr  fraction  (f2  =  fLA  =  1  -  fSL,  cos  92  =  -1), 
combining  (20.7  and  20.8)  yields  the  Cassie-Baxter  equation  [50] 

cos  0  =  RffSL  cos  60  -1+fsL 

Or 

cos  9  =  Rf  cos  0O  -  fiA  (Rf  cos  60  +  1)  (20.9) 

The  opposite  limiting  case  of  cos  92  —  1  (02  =  0°  corresponds  to  the  water- 
on-water  contact)  yields  the  Cassie  equation  [27,  79] 

cosO  =  1  +/SL(cos0o  -  1)  (20.10) 

Equation  (20.10)  is  used  sometimes  for  the  homogeneous  interface  instead  of 
(20.6),  if  the  rough  surface  is  covered  by  holes  filled  with  water  [131]  (Fig.  20.7c). 

Two  situations  in  wetting  of  a  rough  surface  should  be  distinguished:  the  homo- 
geneous interface  without  any  air  pockets  shown  in  Fig.  20.7a  [called  the  Wenzel 
interface,  since  the  contact  angle  is  given  by  the  Wenzel  equation  or  (20.6)],  and  the 
composite  interface  with  air  pockets  trapped  between  the  rough  details  as  shown 
in  Fig.  20.7b  (called  the  Cassie  or  Cassie-Baxter  interface,  since  the  contact  angle 
is  given  by  (20.9)). 

Equation  (20.9)  for  the  composite  interface  was  derived  using  (20.6  and  20.8), 
and  it  could  also  be  obtained  independently.  For  this  purpose,  two  sets  of  interfaces 
are  considered:  a  liquid-air  interface  with  the  ambient  and  a  flat  composite  interface 
under  the  droplet,  which  itself  involves  solid-liquid,  liquid-air,  and  solid-air 
interfaces.  For  fractional  flat  geometrical  areas  of  the  solid-liquid  and  liquid-air 
interfaces  under  the  droplet,  fSL  and  fLA  (fSL  —  1  —  fLA),  the  flat  area  of  the 
composite  interface  is  [27,  66] 

AF  =fsiAF  +/laAf  =  RfAsL  +fLAAF  (20.11) 

In  order  to  calculate  the  contact  angle  in  a  manner  similar  to  the  derivation  of 
(20.6),  the  differential  area  of  the  liquid-air  interface  under  the  droplet,  fu^dAf, 
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should  be  subtracted  from  the  differential  of  the  total  liquid-air  area  dALA,  which 
yields  the  Cassie-Baxter  equation  (20.9), 

Mla  -fiAdAF      ASL  dALA  at 

cos  °  = Ta =  ~T~  ~n /"  =  RffsL  cos  #0  ~/la 

dAF  AF  dASL 

=  Rf  cos 90  -  fLA(Rf cosq  +  1) 

The  dependence  of  the  contact  angle  on  the  roughness  factor  and  fractional  liquid- 
air  area  for  hydrophilic  and  hydrophobic  surfaces  with  a  composite  interface 
(Fig.  20.9a)  is  presented  in  Fig.  20.9b. 

According  to  (20.9),  even  for  a  hydrophilic  surface,  the  contact  angle  increases 
with  an  increase  offLA.  At  a  high  value  of  f la,  a  surface  can  become  hydrophobic; 
however,  the  value  required  may  be  unachievable,  or  the  formation  of  air  pockets 
may  become  unstable.  Using  the  Cassie-Baxter  equation,  the  value  of  fiA  at  which 
a  hydrophilic  surface  could  turn  into  a  hydrophobic  one  is  given  as  [99] 

A^//C°;°°  for     0O<9O°  (20.12) 

Rf  cos  t/o  +  1 

Figure  20.9c  shows  the  value  of /la  requirement  as  a  function  of  Rf  for  four  surfaces 
with  different  contact  angles,  60.  Hydrophobic  surfaces  can  be  achieved  above  a 
certain  Jla  value  as  predicted  by  (20.12).  The  upper  part  of  each  contact  angle  line  is 
the  hydrophobic  region.  For  the  hydrophobic  surface,  contact  angle  increases  with 
an  increase  in /la  both  for  smooth  and  rough  surfaces. 

Based  on  Nosonovsky  and  Bhushan  [27,  37],  spreading  of  a  liquid  over  a  rough 
solid  surface  continues  until  simultaneously  (20.5)  (the  Young  equation)  is  satisfied 
locally  at  the  triple  line  and  the  surface  area  is  minimum  over  the  entire  liquid-air 
interface.  The  minimal  surface  area  condition  states  that  the  sum  of  the  inverse  of 
the  principal  radii  of  curvature,  Rj  and  R2  of  the  liquid  surface,  along  the  two 
mutually  orthogonal  planes  (mean  curvature),  is  constant  at  any  point,  which 
governs  the  shape  of  the  liquid-air  interface.  The  same  condition  is  also  the 
consequence  of  the  Laplace  equation,  which  relates  pressure  change  through  an 
interface,  AP,  with  its  mean  curvature, 

"1        "2         {LA 

Note  that  at  the  thermodynamic  equilibrium  (when  condensation  and  evaporation 
occurs  at  the  same  speed),  AP  is  dependent  on  the  partial  vapor  pressure.  For 
contact  with  saturated  vapor  the  mean  curvature  of  the  liquid-air  interface  is  zero 
at  equilibrium.  A  convex  interface  (1/Rj  +  I/R2  >  0)  results  in  evaporation  pre- 
vailing over  condensation;  this  is  why  small  droplets  tend  to  evaporate.  However, 
a  concave  interface  (l/Rj  +  I/R2  <  0)  results  in  condensation  of  saturated  vapor 
prevailing  over  evaporation.  Since  the  condensation  prevails,  a  concave  interface 
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Fig.  20.9    (a)  Schematic  of 
formation  of  a  composite 
solid-liquid-air  interface  for 
rough  surface,  (b)  contact 
angle  for  rough  surface  (9)  as 
a  function  of  the  roughness 
factor  (Rf)  for  various  /LA 
values  on  the  hydrophilic 
surface  and  the  hydrophobic 
surface,  and  (c)/la 
requirement  for  a  hydrophilic 
surface  to  be  hydrophobic  as  a 
function  of  the  roughness 
factor  (Rf)  and  60  [99] 
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may  be  in  thermodynamic  equilibrium  with  undersaturated  vapor.  This  is  why 
concave  menisci  tend  to  condense  even  when  the  relative  humidity  is  less  than 
100%  [27,  37]. 
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20.2.2.1     Limitations  of  the  Wenzel  and  Cassie  Equations 

Based  on  Nosonovsky  and  Bhushan  [27,  79],  the  Cassie  equation  (20.8)  is  based  on 
the  assumption  that  the  heterogeneous  surface  is  composed  of  well-separated 
distinct  patches  of  different  material,  so  that  the  free  surface  energy  can  be 
averaged.  It  has  been  argued  also  that  when  the  size  of  the  chemical  heterogeneities 
is  very  small  (of  atomic  or  molecular  dimensions),  the  quantity  that  should  be 
averaged  is  not  the  energy,  but  the  dipole  moment  of  a  macromolecule  [132],  and 
(20.8)  should  be  replaced  by  [79] 


(1  +  cos  Of  =/i  (1  +  cos  0{)2  +/2(1  +  cos  62)2 


(20.14) 


Experimental  studies  of  polymers  with  different  functional  groups  showed  a  good 
agreement  with  (20.14)  [133]. 

Based  on  Nosonovsky  and  Bhushan  [27,  79],  later  investigations  put  the  Wenzel 
and  Cassie  equations  into  a  thermodynamic  framework;  however,  they  also  showed 
that  there  is  no  one  single  value  of  the  contact  angle  for  a  rough  or  heterogeneous 
surface  [51,  53,  134].  The  contact  angle  can  be  in  a  range  of  values  between  the 
receding  contact  angle,  Qrec,  and  the  advancing  contact  angle,  Qadv.  The  system 
tends  to  achieve  the  receding  contact  angle  when  liquid  is  removed  (for  example,  at 
the  rear  end  of  a  moving  droplet),  whereas  the  advancing  contact  angle  is  achieved 
when  the  liquid  is  added  (for  example,  at  the  front  end  of  a  moving  droplet) 
(Fig.  20.10a).  When  the  liquid  is  neither  added  nor  removed,  the  system  tends  to 
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Fig.  20.10    (a)  Liquid  droplet 
in  contact  with  rough  surface 
with  liquid  is  added  or 
removed  (advancing  and 
receding  contact  angles  are 
9adv  and  9rec,  respectively) 
and  (b)  tilted  surface  profile 
(tilt  angle,  a)  with  a  moving 
liquid  droplet 
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have  a  static  or  "most  stable"  contact  angle,  which  is  given  approximately  by  (20.5, 
20.6,  20.8,  and  20.10). 

The  contact  angle  provided  by  (20.5,  20.6,  20.8,  and  20.10)  is  a  macroscale 
parameter,  so  it  is  called  sometimes  "the  apparent  contact  angle".  Based  on 
Nosonovsky  and  Bhushan  [27,  33],  the  actual  angle,  under  which  the  liquid-air 
interface  comes  in  contact  with  the  solid  surface  at  the  micro-  and  nanoscale,  can  be 
different.  There  are  several  reasons  for  that.  First,  water  molecules  tend  to  form  a 
thin  layer  upon  the  surfaces  of  many  materials.  This  is  because  of  a  long-distance 
van  der  Waals  adhesion  force  that  creates  the  so-called  disjoining  pressure  [135]. 
This  pressure  is  dependent  upon  the  liquid  layer  thickness  and  may  lead  to  the 
formation  of  stable  thin  films.  In  this  case,  the  shape  of  the  droplet  near  the  triple 
line  (line  of  contact  of  the  solid,  liquid  and  air,  to  be  shown  later  in  Fig.  20.12) 
transforms  gradually  from  the  spherical  surface  into  a  precursor  layer,  and  thus  the 
nanoscale  contact  angle  is  much  smaller  than  the  apparent  contact  angle.  In 
addition,  adsorbed  water  monolayers  and  multilayers  are  common  for  many  mate- 
rials. Second,  even  carefully  prepared  atomically  smooth  surfaces  exhibit  a  certain 
roughness  and  chemical  heterogeneity.  Water  tends  first  to  cover  the  hydrophilic 
spots  with  high  surface  energy  and  low  contact  angle  [136].  The  tilt  angle  due  to 
roughness  can  also  contribute  to  the  apparent  contact  angle.  Third,  the  very  concept 
of  the  static  contact  angle  is  not  well  defined.  For  practical  purposes,  the  contact 
angle,  which  is  formed  after  a  droplet  is  gently  placed  upon  a  surface  and  stops 
propagating,  is  considered  the  static  contact  angle.  However,  depositing  the  droplet 
involves  adding  liquid  while  leaving  it  involves  evaporation,  so  it  is  difficult  to 
avoid  dynamic  effects.  Fourth,  for  small  droplets  and  curved  triple  lines,  the  effect 
of  the  contact  line  tension  may  be  significant.  Molecules  at  the  surface  of  a  liquid  or 
solid  phase  have  higher  energy  because  they  are  bonded  to  fewer  molecules  than 
those  in  the  bulk.  This  leads  to  surface  tension  and  surface  energy.  In  a  similar 
manner,  molecules  at  the  concave  surface  and,  especially,  at  the  edge  have  fewer 
bonds  than  those  at  the  surface,  which  leads  to  line  tension  and  curvature  dependence 
of  the  surface  energy.  This  effect  becomes  important  when  the  radius  of  curvature  is 
comparable  with  the  so-called  Tolman's  length,  normally  of  the  molecular  size 
[137].  However,  the  triple  line  at  the  nanoscale  can  be  curved  so  that  the  line  tension 
effects  become  important  [138].  The  contact  angle,  taking  into  account  for  the 
contact  line  effect,  for  a  droplet  with  radius  R  is  given  by  cos  9  =  cos  0O  +  2x/ 
(/?Yla),  where  x  is  the  contact  line  tension,  and  90  is  the  value  given  by  the  Young 
equation  [139].  Thus  while  the  contact  angle  is  a  convenient  macroscale  parameter, 
wetting  is  governed  by  interactions  at  the  micro-  and  nanoscale,  which  determine  the 
contact  angle  hysteresis  and  other  wetting  properties.  Table  20. 1  shows  various  scale 
levels  which  affect  wetting  of  a  superhydrophobic  surface. 


20.2.2.2     Range  of  Applicability  of  the  Wenzel  and  Cassie  Equations 

Gao  and  McCarthy  [140]  showed  experimentally  that  the  contact  angle  of  a  droplet 
is  defined  by  the  triple  line  and  does  not  depend  upon  the  roughness  under  the 


20     Biomimetics  Inspired  Surfaces  for  Superhydrophobicity,  Self-cleaning 


553 


Table  20.1    Wetting  of  a  superhydrophobic  surface  as  a  multiscale  process  [33,  62] 


Scale  level 

Characteristic  length 

Parameters 

Phenomena 

Interface 

Macroscale 

Droplet  radius  (mm) 

Contact  angle,  droplet 
radius 

Contact  angle 
hysteresis 

2-D 

Microscale 

Roughness  detail 

Shape  of  the  droplet, 

Kinetic  effects 

3-D  solid 

(um) 

position  of  the 
liquid-air  interface 
(h) 

surface, 
2-D  liquid 
surface 

Nanoscale 

Molecular 

heterogeneity 
(nm) 

Molecular  description 

Thermodynamic 
and  dynamic 
effects 

3-D 

bulk  of  the  droplet.  A  similar  result  for  chemically  heterogeneous  surfaces  was 
obtained  by  Extrand  [141].  Gao  and  McCarthy  [140]  concluded  that  the  Wenzel  and 
Cassie-Baxter  equations  "should  be  used  with  the  knowledge  of  their  fault".  The 
question  remained,  however,  under  what  circumstances  the  Wenzel  and  Cassie-Baxter 
equations  can  be  safely  used  and  under  what  circumstances  they  become  irrelevant. 

Based  on  Nosonovsky  [142],  for  a  liquid  front  propagating  along  a  rough  two- 
dimensional  profile  (Fig.  20.1  la,b),  the  derivative  of  the  free  surface  energy  (per 
liquid  front  length),  W,  by  the  profile  length,  t,  yields  the  surface  tension  force 
rj  =  dW/dt  =  ySL  —  ySA.  The  quantity  of  practical  interest  is  the  component  of 
the  tension  force  that  corresponds  to  the  advancing  of  the  liquid  front  in  the  hori- 
zontal direction  for  dx.  This  component  is  given  by  dW/dx  =  (dW/dt)  (dt/dx)  = 
(Ysl  —  YsA)df/djc.  It  is  noted  that  the  derivative  dt/dx  is  equal  to  Wenzel' s  rough- 
ness factor  (Rf)  in  the  case  when  the  roughness  factor  is  constant  throughout  the 
surface.  Therefore,  the  Young  equation  (20.5),  which  relates  the  contact  angle  with 
solid,  liquid,  and  air  interface  tensions,  is  modified  as  [142] 


yLAcos9  =  Rf(ySA-ySL) 


(20.15) 


The  empirical  Wenzel  equation  (20.6)  is  a  consequence  of  (20.15)  combined  with 
the  Young  equation. 

Nosonovsky  [142]  showed  that  for  a  more  complicated  case  of  a  non-uniform 
roughness,  given  by  the  profile  z(x),  the  local  value  of  derivative,  r(x)  =  dt/dx  = 
(1  +  (dz/dx)  )  matters.  In  the  cases  that  were  studied  experimentally  by  Gao  and 
McCarthy  [140]  and  Extrand  [141],  the  roughness  was  present  (r  >  1)  under  the 
bulk  of  the  droplet,  but  there  was  no  roughness  (r  —  0)  at  the  triple  line,  and  the 
contact  angle  was  given  by  (20.6)  (Fig.  20. 1  lc).  In  the  general  case  of  a  3-D  rough 
surface  z(x,  y),  the  roughness  factor  can  be  defined  as  a  function  of  the  coordinates 
r(x,  y)  =  (1  +  (dz/dx)2  +  (dz/dy)2)1/2. 

Equation  (20.6)  is  valid  for  uniformly  rough  surfaces,  that  is,  surfaces  with 
r  =  const,  and  for  non-uniformly  rough  surfaces  the  generalized  Wenzel  equation 
is  formulated  to  determine  the  local  contact  angle  (a  function  of  x  and  y)  with  rough 
surfaces  at  the  triple  line  [27,  32,  142] 


i0  =  r(x,y)  cos  0o 


(20.16) 
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Fig.  20.11    Liquid  front  in 
contact  with  a  (a)  smooth 
solid  surface  and  (b)  rough 
solid  surface,  propagation  for 
a  distance  dt  along  the  curved 
surface  corresponds  to  the 
distance  dv  along  the 
horizontal  surface,  (c)  Surface 
roughness  under  the  bulk  of 
the  droplet  does  not  affect  the 
contact  angle  [142] 


Snl  id  dv 

U >\ 


Liquid 


Solid 


Air 


'rV<"TYt! 


dr 

< >\ 


The  difference  between  the  Wenzel  equation  (20.6)  and  the  Nosonovsky-Bhushan 
equation  (20.16)  is  that  the  latter  is  valid  for  a  non-uniform  roughness  with  the 
roughness  factor  as  the  function  of  the  coordinates.  Equation  (20.16)  is  consistent 
with  the  experimental  results  of  the  scholars  who  showed  that  roughness  beneath 
the  droplet  does  not  affect  the  contact  angle,  since  it  predicts  that  only  roughness  at 
the  triple  line  matters.  It  is  also  consistent  with  the  results  of  the  researchers  who 
confirmed  the  Wenzel  equation  (for  the  case  of  the  uniform  roughness)  and  of  those 
who  reported  that  only  the  triple  line  matters  (for  non-uniform  roughness).  A 
summary  of  experimental  results  for  uniform  and  non-uniform  rough  and  chemi- 
cally heterogeneous  surfaces  is  shown  in  Table  20.2. 

The  Cassie  equation  for  the  composite  surface  can  be  generalized  in  a  similar 
manner  introducing  the  spatial  dependence  of  the  local  densities,  fj  and  f2  of  the 
solid-liquid  interface  with  the  contact  angle,  as  a  function  of  X  and  y,  given  by  [142] 


cos  9C 


omposite 


-f\{x,y)  cos  01  +/2(x,j)cos02 


(20.17) 


where/;  +  f2  =  1,0;  and  02  are  contact  angles  of  the  two  components. 

According  to  Nosonovsky  [142],  the  important  question  remains,  what  should  be 
the  typical  size  of  roughness/heterogeneity  details  in  order  for  the  generalized 
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Table  20.2  Summary  of  experimental  results  for  uniform  and  non-uniform  rough  and  chemically 
heterogeneous  surfaces.  For  non-uniform  surfaces,  the  results  shown  for  droplets  larger  than  the 
islands  of  non-uniformity.  Detailed  quantitative  values  of  the  contact  angle  in  various  sets  of 
experiments  can  be  found  in  the  referred  sources  [142] 


Experiment 

Roughness/ 

Roughness 

Experimental 

Theoretical 

Theoretical 

hydropobicity 

at  the  bulk 

contact  angle 

contact 

contact  angle, 

at  the  triple 

(under  the 

(compared 

angle, 

generalized 

line  and  at  the 

droplet) 

with  that  at 

Wenzel/ 

Wenzel-Cassie 

rest  of  the 

the  rest  of  the 

Cassie 

(20.16-20.17) 

surface 

surface) 

equations 

Gao  and 

Hydrophobic 

Hydrophilic 

Not  changed 

Decreased 

Not  changed 

McCarthy 

Rough 

Smooth 

Not  changed 

Decreased 

Not  changed 

[140] 

Smooth 

Rough 

Not  changed 

Increased 

Not  changed 

Extrand  [141] 

Hydrophilic 

Hydrophobic 

Not  changed 

Increased 

Not  changed 

Hydrophobic 

Hydrophilic 

Not  changed 

Decreased 

Not  changed 

Bhushan  et  al.  [70] 

Rough 

Rough 

Increased 

Increased 

Increased 

Barbieri  et  al. 

Rough 

Rough 

Increased 

Increased 

Increased 

[143] 

Wenzel  and  Cassie  equations  (20.16-20.17)  to  be  valid?  Some  scholars  have 
suggested  that  roughness/heterogeneity  details  should  be  comparable  with  the 
thickness  of  the  liquid-air  interface  and  thus  "the  roughness  would  have  to  be  of 
molecular  dimensions  to  alter  the  equilibrium  conditions"  [144],  whereas  others 
have  claimed  that  roughness/heterogeneity  details  should  be  small  compared  with 
the  linear  size  of  the  droplet  [30,  51,  69,  70,  75-77,  99,  134,  143].  The  interface  in 
the  analysis  proposed  earlier  is  an  idealized  2-D  object,  which  has  no  thickness.  In 
reality,  the  triple  line  zone  has  two  characteristic  dimensions:  the  thickness  (of  the 
order  of  molecular  dimensions)  and  the  length  (of  the  order  of  the  droplet  size). 

According  to  Nosonovsky  and  Bhushan  [27,  32],  the  apparent  contact  angle, 
given  by  (20.16-20.17),  may  be  viewed  as  the  result  of  averaging  of  the  local 
contact  angle  at  the  triple  line  over  its  length,  and  thus  the  size  of  the  roughness/ 
heterogeneity  details  should  be  small  compared  to  the  length  (and  not  the  thickness) 
of  the  triple  line  [32].  A  rigorous  definition  of  the  generalized  equation  requires  the 
consideration  of  several  length  scales.  The  length  dx  needed  for  averaging  of  the 
energy  gives  the  length  over  which  the  averaging  is  performed  to  obtain  r(x,  y).  This 
length  should  be  larger  than  roughness  details.  However,  it  is  still  smaller  than  the 
droplet  size  and  the  length  scale  at  which  the  apparent  contact  angle  is  observed 
(at  which  local  variations  of  the  contact  angle  level  out).  Since  of  these  lengths  (the 
roughness  size,  dx,  the  droplet  size)  the  first  and  the  last  are  of  practical  importance, 
we  conclude  that  the  roughness  details  should  be  smaller  than  the  droplet  size. 
When  the  liquid-air  interface  is  studied  at  the  length  scale  of  roughness/heteroge- 
neity details,  the  local  contact  angle,  0O,  is  given  by  (20.6-20.10).  The  liquid-air 
interface  at  that  scale  has  perturbations  caused  by  the  roughness/heterogeneity,  and 
the  scale  of  the  perturbations  is  the  same  as  the  scale  of  the  roughness/heterogeneity 
details.  However,  when  the  same  interface  is  studied  at  a  larger  scale,  the  effect  of 
the  perturbation  vanishes,  and  apparent  contact  angle  is  given  by  (20.16-20.17) 
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(Fig.  20.11c).  This  apparent  contact  angle  is  defined  at  the  length  scale  for  which 
the  small  perturbations  of  the  liquid-air  interface  vanish,  and  the  interface  can  be 
treated  as  a  smooth  surface.  The  values  of  r(x,  y),fj(x,  y),f2(x,  y)  in  (20.16-20.17) 
are  average  values  over  an  area  (x,  y)  with  a  size  larger  than  a  typical  roughness/ 
heterogeneity  detail  size.  Therefore,  the  generalized  Wenzel  and  Cassie  equations 
can  be  used  at  the  scale  at  which  the  effect  of  the  interface  perturbations  vanish,  or, 
in  other  words,  when  the  size  of  the  solid  surface  roughness/heterogeneity  details  is 
small  compared  with  the  size  of  the  liquid-air  interface,  which  is  of  the  same  order 
as  the  size  of  the  droplet  [32]. 

Nosonovsky  and  Bhushan  [27,  79]  used  the  surface  energy  approach  to  find 
the  domain  of  validity  of  the  Wenzel  and  Cassie  equations  (uniformly  rough 
surfaces)  and  generalized  it  for  a  more  complicated  case  of  non-uniform  surfaces. 
The  generalized  equations  explain  a  wide  range  of  existing  experimental  data, 
which  could  not  be  explained  by  the  original  Wenzel  and  Cassie  equations. 


20.2.3     Contact  Angle  Hysteresis 

Contact  angle  hysteresis  is  another  important  characteristic  of  a  solid-liquid  interface. 
Contact  angle  hysteresis  occurs  due  to  surface  roughness  and  heterogeneity.  Although 
for  surfaces  with  roughness  carefully  controlled  on  the  molecular  scale  it  is  possible  to 
achieve  contact  angle  hysteresis  as  low  as  <1°  [145],  hysteresis  cannot  be  eliminated 
completely,  since  even  atomically  smooth  surfaces  have  a  certain  roughness  and 
heterogeneity.  Contact  angle  hysteresis  is  a  measure  of  energy  dissipation  during  the 
flow  of  a  droplet  along  a  solid  surface.  Low  contact  angle  hysteresis  results  in  a  very 
low  water  roll-off  angle,  which  denotes  the  angle  to  which  a  surface  may  be  tilted  for 
roll-off  of  water  drops  (i.e.,  very  low  water  contact  angle  hysteresis)  [28-30,  69,  75, 
76]  (Fig.  20.10b).  Low  water  roll-off  angle  is  important  in  liquid  flow  applications 
such  as  in  micro/nanochannels  and  surfaces  with  self-cleaning  ability. 

Certain  conclusions  about  the  relationship  of  contact  angle  hysteresis  to 
roughness  can  be  made.  It  is  known  that  the  energy  gained  for  surfaces  during 
contact  is  greater  than  the  work  of  adhesion  for  separating  the  surfaces,  due  to  so 
called  adhesion  hysteresis.  Factors  that  affect  contact  angle  hysteresis  include 
adhesion  hysteresis,  surface  roughness,  and  inhomogeneity.  Bhushan  et  al.  [70] 
and  Nosonovsky  and  Bhushan  [61]  assumed  that  contact  angle  hysteresis  is 
equal  to  the  adhesion  hysteresis  term  and  the  term  corresponding  to  the  effect  of 
roughness,  Hr.  They  further  noted  that  adhesion  hysteresis  can  be  assumed  to  be 
proportional  to  the  fractional  solid-liquid  area  (1  -/la).  Using  (20.9),  the  differ- 
ence of  cosines  of  the  advancing  and  receding  angles  is  related  to  the  difference  of 
those  for  a  nominally  smooth  surface,  9adr0  and  dreco>  as 

cos  dadv  -  cos  6rec  =  Rf(l  -/m) (cos  0adv0  -  cos  0rec0)  +  Hr  (20.18) 

The  first  term  in  the  right-hand  part  of  the  equation,  which  corresponds  to  the 
inherent  contact  angle  hysteresis  of  a  smooth  surface,  is  proportional  to  the  fraction 
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of  the  solid-liquid  contact  area,  1  —  fLA.  The  second  term,  Hr,  is  the  effect  of 
surface  roughness,  which  is  equal  to  the  total  perimeter  of  the  asperity  per  unit  area, 
or  in  other  words,  to  the  length  density  of  the  triple  line  [70].  Thus  (20.18)  involves 
both  the  term  proportional  to  the  solid-liquid  interface  area  and  to  the  triple  line 
length.  It  is  observed  from  (20.9)  and  (20.18)  that  increasing  fLA  — >  1  results  in 
increasing  the  contact  angle  (cos  0  — >  —1,6—*  n)  and  decreasing  the  contact  angle 
hysteresis  (cos  0a(jv  —  cos  9rec  — >  0).  In  the  limiting  case  of  very  small  solid-liquid 
fractional  contact  area  under  the  droplet,  when  the  contact  angle  is  large 
( cos  S«  —  1  +  (n  —  0)  /2,  sin  0  sa  0  —  ri)  and  where  the  contact  angle  hysteresis 
is  small  (0adv  w  9  «  6rec),  based  on  (20.9)  and  (20.18)  [61], 


=  ^2(1  -fu^Rf  cos  60  +  1)  (20.19) 

cos  0ao  —  cos  0,o 


Jadv 


0rec=(l~fLA)Rf- 


sin0 


,     / ,  COS  0,0  —  COS  0an 

=  (V^f^)Rf  '°  =  .  (20.20) 

^2{Rfcos0o  +  1) 

For  the  homogeneous  interface,  fLA  =  0,  whereas  for  the  composite  interface  fLA  is 
a  non-zero  number.  It  is  observed  from  (20.19-20.20)  that  for  a  homogeneous 
interface,  increasing  roughness  (high  Rf)  leads  to  increasing  the  contact  angle 
hysteresis  (high  values  of  0adr  —  0rec),  while  for  the  composite  interface,  an 
approach  to  unity  of  fLA  provides  both  high  contact  angle  and  small  contact  angle 
hysteresis  [61,  63,  70,  99].  Therefore,  the  composite  interface  is  desirable  for 
self-cleaning. 

A  sharp  edge  can  pin  the  line  of  contact  of  the  solid,  liquid,  and  air  (also  known 
as  the  "triple  line")  at  a  position  far  from  stable  equilibrium,  i.e.,  at  contact  angles 
different  from  80  [146].  This  effect  is  illustrated  in  the  bottom  sketch  of  Fig.  20.12, 
which  shows  a  droplet  propagating  along  a  solid  surface  with  grooves.  Based  on 
Nosonovsky  and  Bhushan  [27,  66],  at  the  edge  point,  the  contact  angle  is  not 
defined  and  can  have  any  value  between  the  values  corresponding  to  contact  with 
the  horizontal  and  inclined  surfaces.  For  a  droplet  moving  from  left  to  right,  the 
triple  line  will  be  pinned  at  the  edge  point  until  it  will  be  able  to  proceed  to 
the  inclined  plane.  As  it  is  observed  from  Fig.  20.12,  the  change  of  the  surface 
slope  (a)  at  the  edge  is  the  cause  of  the  pinning.  Because  of  the  pinning,  the  value  of 
the  contact  angle  at  the  front  of  the  droplet  (dynamic  maximum  advancing  contact 
angle  or  6adv  =  60  +  a)  is  greater  than  60,  whereas  the  value  of  the  contact  angle 
at  the  back  of  the  droplet  (dynamic  minimum  receding  contact  angle  or  9rec  = 
60  —  a)  is  smaller  than  90.  A  hysteresis  domain  of  the  dynamic  contact  angle  is  thus 
defined  by  the  difference  Badv  —  9rec.  The  liquid  can  travel  easily  along  the  surface 
if  the  contact  angle  hysteresis  is  small.  It  is  noted  that  the  static  contact  angle  lies 
within  the  hysteresis  domain;  therefore,  increasing  the  static  contact  angle  up  to 
the  values  of  a  superhydrophobic  surface  (approaching  180°)  will  also  result  in 
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Fig.  20.12    A  liquid  droplet  in 
contact  with  a  solid  surface  - 
smooth  surface,  contact 
angle  90;  rough  surface, 
contact  angle  6;  and  a  surface 
with  sharp  edges.  For  a 
droplet  moving  from  left  to 
right  on  a  sharp  edge  (shown 
by  arrow),  the  contact  angle 
at  a  sharp  edge  may  take  any 
value  between  the  contact 
angle  with  the  horizontal  and 
inclined  planes.  This  effect 
results  in  the  difference 
between  advancing 
(Qadv  =  6o  +  °0  and  receding 
(Qrec  =  0o  —  oO  contact 
angles  [66] 


Smooth  surface 


'  >  '  'J*  I  I  I 

Effect  of  roughness 


Solid 
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a  reduction  of  the  contact  angle  hysteresis.  In  a  similar  manner,  contact  angle 
hysteresis  can  also  exist  even  if  the  surface  slope  changes  smoothly,  without  sharp 
edges.  There  is  an  analogy  between  the  two  mechanisms  leading  to  contact  angle 
hysteresis  (energy  dissipation  at  the  solid-liquid  interface  and  pinning  of  the  triple 
line)  and  dissipation  mechanisms  of  dry  friction  (adhesion  and  deformation)  [147]. 


20.2.4    Stability  of  a  Composite  Interface  and  Role 
of  Hierarchical  Structure 


Stability  of  the  composite  interface  is  an  important  issue.  Even  though  it  may  be 
geometrically  possible  for  the  system  to  become  composite,  it  may  be  energetically 
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profitable  for  the  liquid  to  penetrate  into  the  valleys  between  asperities  and  form 
a  homogeneous  interface.  Marmur  [53]  formulated  geometrical  conditions  for  a 
surface  under  which  the  energy  of  the  system  has  a  local  minimum  and  the 
composite  interface  may  exist.  Patankar  [56]  pointed  out  that  whether  the  homoge- 
neous or  composite  interface  exists  depends  on  the  system's  history,  i.e.,  on 
whether  the  droplet  was  formed  at  the  surface  or  deposited.  However,  the  above- 
mentioned  analyses  do  not  provide  an  answer  to  which  of  the  two  possible  config- 
urations, homogeneous  or  composite,  will  actually  form. 

Based  on  Nosonovsky  and  Bhushan  [27,  61],  formation  of  a  composite  interface 
is  also  a  multiscale  phenomenon  which  depends  upon  the  relative  sizes  of  the 
liquid  droplet  and  roughness  details.  The  composite  interface  is  fragile  and  can 
be  irreversibly  transformed  into  the  homogeneous  interface,  thus  damaging  super- 
hydrophobicity. In  order  to  form  a  stable  composite  interface  with  air  pockets 
between  solid  and  liquid,  the  destabilizing  factors  such  as  capillary  waves,  nano- 
droplet  condensation,  surface  inhomogeneity,  and  liquid  pressure  should  be 
avoided.  First,  the  capillary  waves  at  the  liquid-air  interface  may  destabilize  the 
composite  interface.  Due  to  an  external  perturbation,  a  standing  capillary  wave  can 
form  at  the  liquid-air  interface.  If  the  amplitude  of  the  capillary  wave  is  greater  than 
the  height  of  the  asperity,  the  liquid  can  touch  the  valley  between  the  asperities, 
and  if  the  angle  under  which  the  liquid  comes  in  contact  with  the  solid  is  greater 
than  0o,  it  is  energetically  profitable  for  the  liquid  to  fill  the  valley  [66,  67].  When 
the  composite  interface  is  destroyed  and  space  between  the  asperities  is  filled  with 
water,  it  is  highly  unlikely  that  the  composite  interface  will  be  formed  again  because 
the  transition  from  the  non-composite  solid-liquid  interface  to  a  composite  inter- 
face would  require  a  large  activation  energy.  Such  a  transition  has  never  been 
observed.  The  effect  of  capillary  waves  is  more  pronounced  for  small  asperities 
with  height  comparable  with  wave  amplitude.  Second,  nanodroplets  may  conden- 
sate and  accumulate  in  the  valleys  between  asperities  and  eventually  destroy  the 
composite  interface.  Cheng  et  al.  [148]  observed  condensation  of  submicron  sized 
droplets  on  a  Lotus  leaf  surface  and  found  that  droplets  tend  to  condense  at  areas 
adjacent  to  bumps  (i.e,  in  the  valleys)  and  have  a  contact  angle  of  less  than  90°, 
whereas  larger  droplets  have  higher  contact  angles,  thus  demonstrating  that  the 
contact  angle  is  scale  dependent.  The  scale  effect  is  observed  for  small  droplets  or  at 
small  distances  near  the  triple  line.  Scale  dependence  of  the  contact  angle  has  been 
reported  by  Nosonovsky  and  Bhushan  [27,  61].  At  nanoscale  distances  from  the 
triple  line  the  liquid  touches  the  solid  under  a  much  lower  contact  angle.  Third,  even 
hydrophobic  surfaces  are  usually  not  chemically  homogeneous  and  can  have  hydro- 
philic  spots.  It  is  known  from  experiments  that  for  droplets  of  submicron  size,  the 
value  of  the  contact  angle  is  usually  smaller  than  for  droplets  at  the  macroscale  [55]. 
Checco  et  al.  [136]  suggested  that  surface  inhomogeneity  is  responsible  for  this 
scale  effect,  since  nanodroplets  tend  to  sit  at  the  highest  free  surface  energy  (most 
hydrophilic)  spots  and  thus  have  lower  contact  angles.  Their  phenomenological 
numerical  simulations  showed  good  agreement  with  experimental  data. 

For  high/LA,  a  nanopattern  is  desirable  because  whether  a  liquid-air  interface  is 
generated  depends  upon  the  ratio  of  distance  between  two  adjacent  asperities  and 
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droplet  radius.  Furthermore,  asperities  can  pin  liquid  droplets  and  thus  prevent 
liquid  from  filling  the  valleys  between  asperities.  High  Rf  can  be  achieved  by  both 
micropatterns  and  nanopatterns.  Nosonovsky  and  Bhushan  [27,  31-33,  61-64]  have 
demonstrated  that  a  combination  of  microroughness  and  nanoroughness  (multiscale 
roughness)  with  convex  surfaces  can  help  resist  the  destabilization  by  pinning  the 
interface.  It  also  helps  in  preventing  the  gaps  between  the  asperities  from  filling 
with  liquid,  even  in  the  case  of  a  hydrophilic  material.  The  effect  of  roughness  on 
wetting  is  scale  dependent,  and  mechanisms  that  lead  to  destabilization  of  a 
composite  interface  are  also  scale-dependent.  To  effectively  resist  these  scale- 
dependent  mechanisms,  it  is  expected  that  a  multiscale  roughness  is  optimum  for 
superhydrophobicity. 

Nosonovsky  [149]  considered  a  two-dimensional  structure  with  rectangular 
pillars  of  height  h  and  width  a  separated  by  distance  b,  covered  with  small  semi- 
circular bumps  (convex)  and  grooves  (concave)  of  radius  r  (Fig.  20.13a).  If  the 
distance  between  the  pillars  is  small  in  comparison  with  the  capillary  length,  the 
effect  of  gravity  is  negligible,  it  can  be  assumed  that  the  liquid-air  interface  is  a 
horizontal  plane,  and  its  position  is  characterized  by  the  vertical  coordinate  z.  The 
free  energy  is  given  by  [149] 

W  =  AslJsl  +  asa7sa  +  ala"Ila  =  >'l7la  (sin  a  -  a  cos  00) ,      0  <  z  <  h     (20.21) 

where  a  =  acos((r— z)lf)  +  2nN  is  the  angle  corresponding  to  vertical  position  of 
the  interface  z,  N  is  the  number  of  ridges  or  grooves,  and  L  is  length  of  the  grooves 
in  the  _y-direction,  which  is  required  based  on  the  dimensional  considerations.  The 
dependence  is  presented  in  Fig.  20.13b,  for  the  cases  of  hydrophobic  (0O  =  150°) 
and  hydrophilic  (90  =  30°)  materials  for  both  the  convex  surface  (with  bumps)  and 
concave  surface  (with  grooves).  It  is  seen  that  for  the  convex  surface,  there  are 
many  states  of  stable  equilibrium  (shown  in  Fig.  20.13a  with  dotted  lines),  sepa- 
rated by  energy  barriers  which  correspond  to  every  ridge,  whereas  for  the  concave 
surface  equilibrium  states  are  unstable.  Therefore,  the  ridges  can  pin  the  triple  line 
and  thus  lead  to  a  composite  interface.  In  the  case  of  a  hydrophilic  surface,  each 
lower  position  of  the  equilibrium  state  corresponds  to  a  lower  value  of  W,  therefore, 
when  the  liquid  advances  from  one  equilibrium  state  to  the  next,  the  total  energy 
decreases,  and  thus  liquid's  advance  is  energetically  profitable.  When  the  liquid 
reaches  the  bottom  of  the  valley  and  completely  fills  the  space  between  the  pillars 
forming  a  homogeneous  interface,  the  total  energy  decreases  dramatically  by  the 
value  of  [149] 

AW  =  bL(ySA  +  yLA  -  ySL)  =  bLyhA(l  +  cos  0O)  (20.22) 

The  opposite  transition  from  a  homogeneous  interface  to  a  composite  interface 
requires  high  activation  energy  AW  and  is  thus  unlikely,  making  the  transition  from 
composite  interface  to  homogeneous  interface  irreversible.  If  the  distance  between 
the  pillars  b  is  much  greater  than  r,  the  energy  barriers  which  separate  the  equilib- 
rium states,  2nrLyLA  cos  9q,  will  be  relatively  small  compared  to  AW,  and  low 
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Fig.  20.13  Two-dimensional  pillars  with  semi-circular  bumps/grooves,  (a)  Schematics  of  the 
structure.  The  bumps  may  pin  the  triple  line,  because  an  advance  of  the  LA  interface  results  in 
decrease  of  the  contact  angle  (9  <  90),  making  equilibrium  stable.  Grooves  provide  with  equilib- 
rium positions,  which  satisfy  the  Young  equation,  however,  the  equilibrium  is  unstable,  because  an 
advance  of  the  LA  interface  results  in  increase  of  the  contact  angle  (9  >  60).  (b)  Energy  profiles 
for  configurations  in  Fig.  20.13a  with  bumps  and  grooves  for  hydrophilic  (9q  =  30°)  and  hydro- 
phobic (90  =  150°)  materials.  Energy  (normalized  by  Li"/^)  is  shown  as  a  function  of  vertical 
position  of  the  interface  z  (normalized  by  the  radius  of  bumps/grooves  ;).  Bumps  result  in 
stable  equilibriums  (energy  minima),  whereas  grooves  result  in  unstable  equilibriums  (energy 
maxima)  [149] 


activation  energy  will  be  required  for  the  liquid  to  spread  and  propagate  from  one 
equilibrium  state  to  the  other  [61,  63]. 

For  the  interface  to  be  stable,  the  value  of  the  contact  angle  should  decrease 
when  the  liquid-air  interface  advances,  whereas  for  receding  liquid  the  contact 
angle  should  increase.  For  a  two-dimensional  surface,  the  change  of  angle  is  equal 
to  the  change  of  the  slope  of  the  surface,  and  whether  the  configuration  is  stable 
or  not  depends  on  the  sign  of  curvature  of  the  surface.  As  indicated  earlier,  the 
convex  surface  (with  bumps)  leads  to  a  stable  interface,  whereas  a  concave  sur- 
face (with  grooves)  leads  to  an  unstable  interface.  This  approach  was  suggested 
for  creating  superoleophobic  surfaces,  since  the  surface  tension  of  oil  and  organic 
liquids  is  much  lower  than  that  of  water,  and  it  is  difficult  to  create  a  surface 
not  wetted  by  oil  [130].  Since  oleophilic  surfaces  in  air  (solid-oil-air  system) 
can  become  superoleophobic  when  immersed  in  water  (solid-oil-water  system), 
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underwater  superoleophobicity  has  potential  for  self-cleaning  anti-fouling  surfaces 
for  ships. 

An  experiment  suggesting  that  the  sign  of  curvature  is  indeed  important  for 
hydrophobicity  was  conducted  by  Sun  et  al.  [60].  They  produced  both  a  positive  and 
a  negative  replica  of  a  Lotus  leaf  surface  by  nanocasting  using  poly(dimefhylsilox- 
ane),  which  has  a  contact  angle  with  water  of  about  105°.  This  value  is  close  to  the 
contact  angle  of  the  wax  which  covers  Lotus  leaves  (about  103°  as  reported  by 
Kamusewitz  et  al.  [150]).  The  positive  and  negative  replicas  have  the  same  rough- 
ness factor  and  thus  should  produce  the  same  contact  angle  in  the  case  of  a 
homogeneous  interface,  according  to  (20.6);  however,  the  values  of  surface  curva- 
ture are  opposite.  The  value  of  contact  angle  for  the  positive  replica  was  found  to  be 
160°  (same  as  for  Lotus  leaf),  while  for  the  negative  replica  it  was  only  110°.  This 
result  suggests  that  the  high  contact  angle  for  Lotus  leaf  is  due  to  the  composite, 
rather  than  homogeneous  interface,  and  that  the  sign  of  surface  curvature  indeed 
plays  a  critical  role  in  the  formation  of  the  composite  interface. 


20.2.5    The  Cassie-Baxter  and  Wenzel  Wetting 
Regime  Transition 

Since  superhydrophobicity  requires  a  stable  composite  interface,  it  is  important  to 
understand  the  destabilization  mechanisms  for  the  Cassie-Baxter  and  Wenzel 
wetting  transition.  Based  on  Nosonovsky  and  Bhushan  [27,  79],  it  is  known  from 
experimental  observations  that  the  transition  from  the  Cassie-Baxter  to  Wenzel 
regime  can  be  an  irreversible  event.  Whereas  such  a  transition  can  be  induced,  for 
example,  by  applying  pressure  or  force  to  the  droplet  [77,  81],  electric  voltage  [151, 
152],  light  for  a  photocatalytic  texture  [153],  and  vibration  [154],  the  opposite 
transition  is  never  observed.  Several  approaches  have  been  proposed  for  investiga- 
tion of  the  transition  between  the  Cassie-Baxter  and  Wenzel  regimes,  referred  to  as 
"the  Cassie-Wenzel  transition".  It  has  been  suggested  that  the  transition  takes  place 
when  the  net  surface  energy  of  the  Wenzel  regime  becomes  equal  to  that  of  the 
Cassie-Baxter  regime,  or,  in  other  words,  when  the  contact  angle  predicted  by  the 
Cassie-Baxter  equation  is  equal  to  that  predicted  by  the  Wenzel  equation.  Lafuma 
and  Quere  [55]  noticed  that  in  certain  cases  the  transition  does  not  occur  even  when 
it  is  energetically  profitable,  and  considered  such  a  Cassie-Baxter  state  metastable. 
Extrand  [141]  suggested  that  the  weight  of  the  droplet  is  responsible  for  the 
transition  and  proposed  the  contact  line  density  model,  according  to  which  the 
transition  takes  place  when  the  weight  exceeds  the  surface  tension  force  at  the  triple 
line.  Patankar  [56]  suggested  that  which  of  the  two  states  is  realized  may  depend 
upon  how  the  droplet  was  formed,  that  is  upon  the  history  of  the  system.  Quere 
[155]  also  suggested  that  the  droplet  curvature  (which  depends  upon  the  pressure 
difference  between  the  inside  and  the  outside  of  the  droplet)  governs  the  transition. 
Nosonovsky  and  Bhushan  [67]  suggested  that  the  transition  is  a  dynamic  process 
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of  destabilization  and  identified  possible  destabilizing  factors.  It  has  been  also 
suggested  that  the  curvature  of  multiscale  roughness  defines  the  stability  of  the 
Cassie-Baxter  wetting  regime  [27,  31,  32,  61,  63,  79,  80,  147,  149]  and  that  the 
transition  is  a  stochastic  gradual  process  [66,  154,  156,  157].  Numerous  experimen- 
tal results  support  many  of  these  approaches,  however,  it  is  not  clear  which 
particular  mechanism  prevails. 

Based  on  Nosonovsky  and  Bhushan  [27,  79],  there  is  an  asymmetry  between  the 
wetting  and  dewetting  processes,  since  less  energy  is  released  during  wetting  than 
the  amount  required  for  dewetting  due  to  adhesion  hysteresis.  Adhesion  hysteresis 
is  one  of  the  reasons  that  leads  to  contact  angle  hysteresis,  and  it  also  results  in  the 
hysteresis  of  the  Wenzel  and  Cassie-Baxter  state  transition.  Figure  20.14  shows  the 
contact  angle  of  a  rough  surface  as  a  function  of  surface  roughness  parameter,  given 
by  (20.9).  Here  it  is  assumed  that  Rf  ~  1  for  a  Cassie-Baxter  regime  with  a  stable 
composite  interface,  and  the  liquid  droplet  sits  flat  over  the  surface.  It  is  noted  that 
at  a  certain  point,  the  contact  angles  given  by  the  Wenzel  and  Cassie-Baxter 
equations  are  the  same,  and  Rf  =  (1  —  fLA)  -  fLA/cos  90.  At  this  point,  the  lines 
corresponding  to  the  Wenzel  and  Cassie-Baxter  regimes  intersect.  This  point 
corresponds  to  an  equal  net  energy  of  the  Cassie-Baxter  and  Wenzel  regimes. 
For  a  lower  roughness  (e.g.,  larger  pitch  between  the  asperities)  the  Wenzel  state 
is  more  energetically  profitable,  whereas  for  a  higher  roughness  the  Cassie-Baxter 
regime  is  more  energetically  profitable. 

It  is  observed  from  Fig.  20.14  that  an  increase  of  roughness  may  lead  to  the 
transition  between  the  Wenzel  and  Cassie-Baxter  regimes  at  the  intersection  point. 
With  decreasing  roughness,  the  system  is  expected  to  transit  to  the  Wenzel  state. 
However,  experiments  [30,  69,  70,  75-77,  143]  show  that,  despite  the  energy  in 
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Fig.  20.14  Wetting  hysteresis  for  a  superhydrophobic  surface.  Contact  angle  as  a  function  of 
roughness.  The  stable  Wenzel  state  (i)  can  transform  into  the  stable  Cassie  state  with  increasing 
roughness  (ii).  The  metastable  Cassie  state  (iii)  can  abruptly  transform  (iv)  into  the  stable  Wenzel 
state.  The  transition  i-ii  corresponds  to  equal  Wenzel  and  Cassie  states  free  energies,  whereas  the 
transition  iv  corresponds  to  a  significant  energy  dissipation  and  thus  it  is  irreversible  [79] 
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the  Wenzel  regime  being  lower  than  that  in  the  Cassie-Baxter  regime,  the  transition 
does  not  necessarily  occur,  and  the  droplet  may  remain  in  the  metastable  Cassie- 
Baxter  regime.  This  is  because  there  are  energy  barriers  associated  with  the 
transition,  which  occurs  due  to  destabilization  by  dynamic  effects  (such  as  waves 
and  vibration)  [27,  79]. 

In  order  to  understand  contact  angle  hysteresis  and  the  transition  between  the 
Cassie-Baxter  and  Wenzel  regimes,  Nosonovsky  and  Bhushan  [27,  79]  analyzed 
the  shape  of  the  free  surface  energy  profile.  The  free  surface  energy  of  a  droplet 
upon  a  smooth  surface  as  a  function  of  the  contact  angle  has  a  distinct  minimum 
which  corresponds  to  the  most  stable  contact  angle.  As  shown  in  Fig.  20.15a, 
the  macroscale  profile  of  the  net  surface  energy  allows  us  to  find  the  contact 
angle  (corresponding  to  energy  minimums);  however  it  fails  to  predict  the  contact 
angle  hysteresis  and  Cassie-Baxter  and  Wenzel  transition,  which  are  governed  by 
micro-  and  nanoscale  effects.  As  soon  as  microscale  substrate  roughness  is  intro- 
duced, the  droplet  shape  cannot  be  considered  as  an  ideal  truncated  sphere  anymore, 
and  energy  profiles  have  multiple  energy  minimums,  corresponding  to  the  location 
of  the  asperities  (Fig.  20.15b).  The  microscale  energy  profile  (solid  line)  has 
numerous  energy  maxima  and  minima  due  to  surface  asperities.  While  exact 
calculation  of  the  energy  profile  for  a  3-D  droplet  is  complicated,  a  qualitative 
shape  may  be  obtained  by  assuming  a  periodic  sinusoidal  dependence  [51],  super- 
imposed upon  the  macroscale  profile,  as  shown  in  Fig.  20.15b  [27,  79].  Thus  the 
advancing  and  receding  contact  angles  can  be  identified  as  the  maximum  and 
minimum  possible  contact  angles  corresponding  to  energy  minimum  points.  How- 
ever, the  transition  between  the  Wenzel  and  Cassie-Baxter  branches  still  cannot  be 
explained.  Note  also  that  Fig.  20.15b  explains  qualitatively  the  hysteresis  due  to  the 
kinetic  effect  of  the  asperities,  but  not  the  inherited  adhesion  hysteresis,  which 
is  characterized  by  the  molecular  length  scale  and  cannot  be  captured  by  the 
microscale  model. 

Based  on  Nosonovsky  and  Bhushan  [27,  79],  the  energy  profile  as  a  function  of 
the  contact  angle  does  not  provide  information  on  how  the  transition  between  the 
Cassie-Baxter  and  Wenzel  regimes  occurs,  because  their  two  states  correspond  to 
completely  isolated  branches  of  the  energy  profile  in  Fig.  20.15a,  b.  However,  the 
energy  may  depend  not  only  upon  the  contact  angle,  but  also  upon  micro/nanoscale 
parameters,  such  as  for  example  the  vertical  position  of  the  liquid-air  interface 
under  the  droplet,  h  (assuming  that  the  interface  is  a  horizontal  plane)  or  similar 
geometrical  parameters  (assuming  a  more  complicated  shape  of  the  interface).  In 
order  to  investigate  the  Wenzel  and  Cassie-Baxter  transition,  Nosonovsky  and 
Bhushan  [27,  79]  studied  the  dependence  of  the  energy  upon  these  parameters. 
They  assume  that  the  liquid-air  interface  under  the  droplet  is  a  flat  horizontal  plane. 
When  such  air  layer  thickness  or  the  vertical  position  of  the  liquid-air  interface,  h, 
is  introduced,  the  energy  can  be  studied  as  a  function  of  the  droplet' s  shape,  the 
contact  angle,  and  h  (Fig.  20.15c).  For  an  ideal  situation,  the  energy  profile  has 
an  abrupt  minimum  at  the  point  corresponding  to  the  Wenzel  state,  which  corre- 
sponds to  the  sudden  net  energy  change  due  to  the  destruction  of  the  solid-air  and 
liquid-air  interfaces  (ySL  —  ySA  —  yLA  =  —  Yla(cos  6+1)  times  the  interface 
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Fig.  20.15    Schematics  of  net 
free  energy  profiles,  (a) 
Macroscale  description; 
energy  minimums  correspond 
to  the  Wenzel  and  Cassie 
states,  (b)  Microscale 
description  with  multiple 
energy  minimums  due  to 
surface  texture.  Largest  and 
smallest  values  of  the  energy 
minimum  correspond  to  the 
advancing  and  receding 
contact  angles,  (c)  Origin  of 
the  two  branches  (Wenzel  and 
Cassie)  is  found  when  a 
dependence  of  energy  upon 
h  (air  layer  thickness  or 
vertical  position  of  the 
liquid-air  interface)  is 
considered  for  the  microscale 
description  (solid  line)  and 
nanoscale  imperfectness 
{dashed  line)  [79].  When  the 
nanoscale  imperfectness  is 
introduced,  it  is  observed  that 
the  Wenzel  state  corresponds 
to  an  energy  minimum  and 
the  energy  barrier  for  the 
Wenzel-Cassie  transition  is 
much  smaller  than  for  the 
opposite  transition 
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area)  (Fig.  20.15c).  In  a  more  realistic  case,  the  liquid-air  interface  cannot  be 
considered  horizontal  due  to  nanoscale  imperfectness  or  dynamic  effects  such  as 
the  capillary  waves  [67].  A  typical  size  of  the  imperfectness  is  much  smaller  than 
the  size  of  details  of  the  surface  texture  and  thus  belongs  to  the  molecular  scale 
level.  The  height  of  the  interface,  h,  can  now  be  treated  as  an  average  height.  The 
energy  dependence  upon  h  is  now  not  as  abrupt  as  in  the  idealized  case.  For 
example,  for  the  "triangular"  shape  as  shown  in  Fig.  20.15c,  the  Wenzel  state 
may  become  the  second  attractor  for  the  system.  It  is  seen  that  there  are  two 
equilibriums  which  correspond  to  the  Wenzel  and  Cassie-Baxter  regimes,  with 
the  Wenzel  state  corresponding  to  a  much  lower  energy  level.  The  energy  depen- 
dence upon  h  governs  the  transition  between  the  two  states,  and  it  is  observed  that  a 
much  larger  energy  barrier  exists  for  the  transition  from  Wenzel  to  Cassie-Baxter 
regime  than  for  the  opposite  transition.  This  is  why  the  first  transition  has  never 
been  observed  experimentally  [62]. 

To  summarize,  the  contact  angle  hysteresis  and  Cassie-Baxter  and  Wenzel 
transition  cannot  be  determined  from  the  macroscale  equations  and  are  governed 
by  micro-  and  nanoscale  phenomena  [27,  79]. 


20.3     Lotus  Effect  Surfaces  in  Nature 

Many  biological  surfaces  are  known  to  be  superhydrophobic  and  self-cleaning.  In 
this  section,  we  will  discuss  various  plant  leaves,  their  roughness  and  wax  coatings 
in  relation  to  their  hydrophobic/hydrophilic  and  self-cleaning  properties. 


20.3.1     Plant  Leaves 

Hydrophobic  and  water-repellent  abilities  of  many  plant  leaves  have  been  known 
for  a  long  time.  Scanning  electron  microscope  (SEM)  studies  since  the  1970s 
have  revealed  that  the  hydrophobicity  of  the  leaf  surface  is  related  to  its 
microstructure.  The  outer  cells  covering  a  plant,  especially  the  leaf,  are  called 
epidermis  cells.  The  epidermis  in  all  plant  surfaces  is  covered  by  a  thin  extra- 
celluar  membrane,  called  cuticle.  The  plant  cuticle  is  a  composite  material 
mainly  built  up  of  a  cutin  network  and  hydrophobic  waxes  [4,  11,  15].  The 
chemical  structure  of  the  epicuticular  waxes  has  been  studied  extensively  by 
plant  scientists  and  lipid  chemists  in  recent  decades  [158,  159].  The  epicuticular 
waxes  can  be  either  thin  with  a  2-D  structure  or  thick  with  a  3-D  structure  or 
a  combination  thereof.  It  is  believed  that  waxes  diffuse  through  the  cuticle  via 
a  lipidic  pathway  [160].  After  diffusion  of  the  wax,  the  tubular  wax  morpho- 
logies grow  by  crystallization  or  self-assembly.  The  plants  are  able  to  repair  the 
wax  layer  by  self-assembly. 
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The  hydrophobicity  of  the  leaves  is  related  to  another  important  effect,  the 
ability  to  remain  clean  after  being  immersed  in  dirty  water,  known  as  self- 
cleaning.  This  ability  is  best  known  for  the  Lotus  (Nelumbo  nucifera)  leaf  that 
is  considered  by  some  Asian  cultures  as  "sacred"  due  to  its  purity.  Not  surpri- 
singly, the  ability  of  Lotus-like  surfaces  for  self-cleaning  and  water  repellency 
was  dubbed  the  "Lotus  effect".  As  far  as  the  biological  implications  of  the  Lotus 
effect,  self-cleaning  plays  an  important  role  in  the  defense  against  pathogens  bind- 
ing to  the  leaf  surface.  Many  spores  and  conidia  of  pathogenic  organisms  -  most 
fungi  -  require  water  for  germination  and  can  infect  leaves  only  in  the  presence 
of  water. 

Neinhuis  and  Barthlott  [10]  systematically  studied  surfaces  and  wetting  proper- 
ties of  about  200  water-repellent  plants  (for  a  comprehensive  review,  see  [4,  15]). 
Among  the  epidermal  relief  features  are  the  papillose  epidermal  cells  either  with 
every  epidermal  cell  forming  a  single  papilla  or  cells  being  divided  into  papillae. 
The  scale  of  the  epidermal  relief  ranged  from  5  urn  in  multipapillate  cells  to  100  urn 
in  large  epidermal  cells.  Some  cells  also  are  convex  (rather  than  having  real 
papillae)  and/or  had  hairs  (trichomes).  Neinhuis  and  Barthlott  [10]  also  found 
various  types  and  shapes  of  wax  crystals  at  the  surface.  Also  see  Koch  et  al. 
[4,  15].  Interestingly,  the  hairy  surfaces  with  a  thin  film  of  wax  exhibited  water- 
repellency  for  short  periods  (minutes),  after  which  water  penetrated  between  the 
hairs,  whereas  hairs  with  a  thick  film  led  to  strong  water-repellency.  The  wax 
crystal  creates  nanoroughness,  in  addition  to  the  microroughness  created  by  the 
papillae.  Apparently,  roughness  plays  the  dominant  role  in  the  Lotus  effect. 

The  SEM  study  reveals  that  the  Lotus  leaf  surface  is  covered  by  "bumps", 
more  exactly  called  papillae  (papillose  epidermal  cells),  which,  in  turn,  are 
covered  by  an  additional  layer  of  epicuticular  waxes  [11].  The  wax  is  present 
in  crystalline  tubules,  composed  of  a  mixture  of  long-chain  aliphatic  compounds, 
principally  nonacosanol  and  nonacosanediols  [4,  15,  161].  The  wax  is  hydropho- 
bic with  a  water  contact  angle  of  about  95°-110°,  whereas  the  papillae  provide 
the  tool  to  magnify  the  contact  angle  based  on  the  Wenzel  model,  discussed  in  the 
preceding  section.  The  experimental  value  of  the  static  water  contact  angle  with 
the  Lotus  leaf  was  reported  about  the  164°  [3,  44].  Indeed,  taking  the  papillae 
density  of  3,400  per  square  millimeter,  the  average  radius  of  the  hemisphereical 
asperities  r  =  10  urn  and  the  aspect  ratio  hlr  =  1,  provides,  based  on  (20.6),  the 
value  of  the  roughness  factor  Rf  ss  4  [66].  Taking  the  value  of  the  contact  angle 
for  wax,  0o  =  104°  [150],  the  calculation  with  the  Wenzel  equation  yields 
8  =  165°,  which  is  close  to  the  experimentally  observed  values  [66].  However, 
the  simple  Wenzel  model  may  be  not  sufficient  to  explain  the  Lotus  effect,  as  the 
roughness  structure  forms  a  composite  interface.  Moreover,  its  structure  has 
hierarchical  roughness.  So,  a  number  of  more  sophisticated  models  have  been 
developed  to  study  the  role  of  hierarchical  roughness  on  contact  angle  [27,  31-33, 
61-64,  79,  80].  A  qualitative  explanation  for  self-cleaning  is  that  on  a  smooth 
surface  contamination  particles  are  mainly  redistributed  by  a  water  droplet;  on  a 
rough  surface  they  adhere  to  the  droplet  and  are  removed  from  the  leaves  when 
the  droplet  rolls  off. 
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20.3.2     Characterization  of  Superhydrophobic  and  Hydrophilic 
Leaf  Surfaces 

In  order  to  understand  the  mechanisms  of  hydrophobicity  in  plant  leaves,  a  com- 
prehensive comparative  study  of  superhydrophobic  and  hydrophilic  leaf  surfaces 
and  their  properties  was  carried  out  by  Bhushan  and  Jung  [14]  and  Burton  and 
Bhushan  [13].  Below  is  a  discussion  of  the  findings  of  the  study. 


20.3.2.1     Experimental  Techniques 

The  static  contact  angles  were  measured  using  a  Rame-Hart  model  100  contact 
angle  goniometer  with  droplets  of  deionized  (DI)  water  [13,  14].  Droplets  of  about 
5  uL  in  volume  (with  diameter  of  a  spherical  droplet  about  2. 1  mm)  were  gently 
deposited  on  the  substrate  using  a  microsyringe  for  the  static  contact  angle.  All 
measurements  were  made  by  five  different  points  for  each  sample  at  22  ±  1°C  and 
50  ±  5%  RH.  The  measurement  results  were  reproducible  within  ±3°. 

An  optical  profiler  (NT-3300,  Wyko  Corp.,  Tuscon,  AZ)  was  used  to  measure 
surface  roughness  for  different  surface  structures  [13,  14],  A  greater  Z-range  of  the 
optical  profiler  of  2  mm  is  a  distinct  advantage  over  the  surface  roughness  measure- 
ments with  an  AFM  which  has  a  Z-range  of  on  the  order  of  7  urn,  but  it  has  only  a 
maximum  lateral  resolution  of  approximately  0.6  um  [24,  25].  A  commercial  AFM 
(D3100,  Nanoscope  Ilia  controller,  Digital  Instruments,  Santa  Barbara,  CA)  was 
used  for  additional  surface  roughness  measurements  with  a  high  lateral  resolution 
(sub  run)  and  for  adhesion  and  friction  measurements  [14,  98].  The  measurements 
for  surface  roughness  were  performed  with  a  square  pyramidal  Si(100)  tip  with  a 
native  oxide  layer  which  had  a  nominal  radius  of  20  nm  on  a  rectangular  Si(100) 
cantilever  with  a  spring  constant  of  3  N  m_1  in  the  tapping  mode. 

Adhesion  and  friction  force  at  various  relative  humidities  (RH)  were  measured 
using  a  15  um  radius  borosilicate  ball  [24-26].  A  large  tip  radius  was  used  to 
measure  contributions  from  several  microbumps  and  a  large  number  of  nanobumps. 
Friction  force  was  measured  under  a  normal  load  ranging  from  20  to  250  nN  using 
a  90°  scan  angle  at  the  velocity  of  100  um/s  in  50  urn  and  at  a  velocity  of  4  urn/ 
s  in  2  urn  scans.  The  quantitative  measurement  of  friction  force  was  calibrated  by 
the  method  described  by  Bhushan  [26].  The  normal  load  was  varied  (20-250  nN), 
and  a  friction  force  measurement  was  taken  at  each  increment.  By  plotting  the 
friction  force  as  a  function  of  normal  load,  an  average  coefficient  of  friction  was 
obtained  from  the  slope  of  the  fit  line  of  the  data.  The  adhesive  force  was  measured 
using  the  force  distance  curve  approach.  In  this  technique,  the  AFM  tip  is  brought 
into  contact  with  the  sample  by  extending  the  piezo  vertically,  then  retracting 
the  piezo  and  calculating  the  force  required  to  separate  the  tip  from  the  sample. 
The  adhesive  force  is  obtained  by  multiplying  the  cantilever  spring  constant 
with  the  cantilever  deflection  during  the  retraction  between  zero  value  and  the 
maximum  negative  value.  The  method  is  described  in  detail  by  Bhushan  [24-26]. 
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20.3.2.2     SEM  Micrographs 

Figure  20. 16  shows  the  SEM  micrographs  of  two  superhydrophobic  leaves  -  Lotus 
{Nelumbo  nucifera)  and  elephant  ear  or  taro  plant  (Colocasia  esculenta),  referred  to 
as  Lotus  and  Colocasia,  respectively  -  and  two  hydrophilic  leaves  -  beech  {Fagus 
sylvatica)  and  Magnolia  {Magnolia  grandiflora),  referred  to  as  Fagus  and  Magno- 
lia, respectively  [14].  Lotus  and  Colocasia  are  characterized  by  papillose  epidermal 
cells  responsible  for  the  creation  of  papillae  or  microbumps  on  the  surfaces,  and  an 
additional  layer  of  3-D  epicuticular  waxes  which  are  a  mixture  of  very  long  chain 
fatty  acids  molecules  (compounds  with  chains  >20  carbon  atoms)  and  create 
nanostructure  on  the  entire  surface.  Fagus  and  Magnolia  are  characterized  by  rather 
flat  tabular  cells  with  a  thin  wax  film  with  a  2-D  structure  [11].  The  leaves  are  not 
self-cleaning,  and  contaminant  particles  from  ambient  are  accumulated,  which 
make  them  hydrophilic. 


20.3.2.3     Contact  Angle  Measurements 

Figure  20.17a  shows  the  contact  angles  for  the  superhydrophobic  and  hydrophilic 
leaves  before  and  after  applying  acetone.  The  acetone  was  applied  in  order  to 
remove  any  wax  present  on  the  surface.  As  a  result,  for  the  superhydrophobic 
leaves,  the  contact  angle  dramatically  reduced,  whereas  for  the  hydrophilic  leaves, 


Superhydrophobic  leaves 


Nelumbo  nucifera  (tows) 


Colocasia  escutenta 


Fig.  20.16    Scanning  electron 
micrographs  of  the  relatively 
rough,  water-repellent  leaf 
surfaces  of  Nelumbo  nucifera 
(Lotus)  and  Colocasia 
esculenta  and  the  relatively 
smooth,  wettable  leaf  surfaces 
of  Fagus  sylvatica  and 
Magnolia  grandiflora  [14] 


Hydrophilic  leaves 


Fagus  sylvatica 


Magnolia  grandiflora 
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Contact  angle  for  various  leaves  before  and  after  removing 
surface  layer  and  calculated  values  of  flat  leaves 
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Fig.  20.17  Contact  angle  measurements  and  calculations  for  the  leaf  surfaces,  (a)  before  and  after 
removing  surface  layer  as  well  as  calculated  values,  and  (b)  fresh  and  dried  leaves.  The  contact  angle 
on  a  smooth  surface  for  the  four  leaves  was  obtained  using  the  roughness  factor  calculated  [14] 


the  contact  angle  was  almost  unchanged.  It  is  known  that  there  is  a  2-D  very  thin 
wax  layer  on  the  hydrophilic  leaves,  which  introduces  little  roughness.  In  contrast, 
superhydrophobic  leaves  are  known  to  have  a  thin  3-D  wax  layer  on  their  surface 
consisting  of  nanoscale  roughness  over  microroughness  created  by  the  papillae, 
which  results  in  a  hierarchical  roughness.  The  combination  of  this  wax  and  the 
roughness  of  the  leaf  creates  a  superhydrophobic  surface. 

Bhushan  and  Jung  [14]  calculated  the  contact  angles  for  leaves  with  smooth 
surfaces  using  the  Wenzel  equation  and  the  calculated  R{  and  the  contact  angle  of 
the  four  leaves.  The  results  are  presented  in  Fig.  20.17a.  The  approximate  values  of 
Rf  for  Lotus  and  Colocasia  are  5.6  and  8.4  and  for  Fagus  and  Magnolia  are  3.4  and 
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3.8,  respectively.  Based  on  the  calculations,  the  contact  angles  on  smooth  surfaces 
were  approximately  99°  for  Lotus  and  96°  for  Colocasia.  For  both  Fagus  and 
Magnolia,  the  contact  angles  for  the  smooth  surfaces  were  found  to  be  approxi- 
mately 86°  and  88° .  A  further  discussion  on  the  effect  of  Rf  on  the  contact  angle  will 
be  presented  later. 

Figure  20.17b  shows  the  contact  angles  for  both  fresh  and  dried  states  for  the 
four  leaves.  There  is  a  decrease  in  the  contact  angle  for  all  four  leaves  when  they  are 
dried.  For  Lotus  and  Colocasia,  this  decrease  is  present  because  it  is  found  that  a 
fresh  leaf  has  taller  bumps  than  a  dried  leaf  (data  to  be  presented  later),  which  will 
give  a  larger  contact  angle,  according  to  the  Wenzel  equation.  When  the  surface 
area  is  at  a  maximum  compared  to  the  footprint  area,  as  with  a  fresh  leaf,  the 
roughness  factor  will  be  at  a  maximum  and  will  only  reduce  when  shrinking  has 
occurred  after  drying.  To  understand  the  reason  for  the  decrease  of  contact  angle 
after  drying  of  hydrophilic  leaves,  dried  Magnolia  leaves  were  also  measured  using 
an  AFM.  It  is  found  that  the  dried  leaf  (peak-valley  (P-V)  height  =  7  urn,  mid- 
width  =  15  urn,  and  peak  radius  =18  um)  has  taller  bumps  than  a  fresh  leaf  (P-V 
height  =  3  um,  mid-width  =12  um,  and  peak  radius  =15  um),  which  increases 
the  roughness,  and  the  contact  angle  decreases,  leading  to  a  more  hydrophilic 
surface.  The  mid- width  is  defined  as  the  width  of  the  bump  at  a  height  equal  to 
half  of  peak  to  mean  line  value. 


20.3.2.4     Surface  Characterization  Using  an  Optical  Profiler 

The  use  of  an  optical  profiler  allows  measurements  to  be  made  on  fresh  leaves 
which  have  a  large  P-V  distance.  Three  different  surface  height  maps  for  super- 
hydrophobic  and  hydrophilic  leaves  are  shown  in  Figs.  20.18  and  20.19  [14].  In 
each  figure,  a  3-D  map  and  a  flat  map  along  with  a  2-D  profile  in  a  given  location  of 
the  fiat  3-D  map  are  shown.  A  scan  size  of  60  um  x  50  um  was  used  to  obtain  a 
sufficient  amount  of  bumps  to  characterize  the  surface  but  also  to  maintain  enough 
resolution  to  get  an  accurate  measurement. 

The  structures  found  with  the  optical  profiler  correlate  well  with  the  SEM 
images  shown  in  Fig.  20.16.  The  bumps  on  the  Lotus  leaf  are  distributed  on  the 
entire  surface,  but  the  Colocasia  leaf  shows  a  very  different  structure  to  that  of  the 
Lotus.  The  surface  structure  for  Colocasia  not  only  has  bumps  similar  to  Lotus,  but 
also  surrounding  each  bump  is  a  ridge  that  keeps  the  bumps  separated.  With  these 
ridges,  the  bumps  have  a  hexagonal  (honeycomb)  packing  geometry  that  allows  for 
the  maximum  number  of  bumps  in  a  given  area.  The  bumps  of  Lotus  and  both 
bumps  and  ridges  of  Colocasia  contribute  to  the  superhydrophobic  nature  since  they 
both  increase  the  Rf  factor  and  result  in  air  pockets  between  the  droplet  of  water  and 
the  surface.  In  Fagus  and  Magnolia  height  maps,  short  bumps  can  be  seen  on  the 
surface.  This  means  that  with  decreased  bump  height,  the  probability  of  air  pocket 
formation  decreases,  and  bumps  have  a  less  beneficial  effect  on  the  contact  angle. 

As  shown  in  2-D  profiles  of  superhydrophobic  and  hydrophilic  leaves  in 
Figs.  20.18  and  20.19,  a  curve  has  been  fitted  to  each  profile  to  show  exactly  how 
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Table  20.3    Microbump  and  nanobump  map  statistics  for  hydrophobic  and  hydrophilic  leaves, 
measured  both  fresh  and  dried  leaves  using  an  optical  profiler  and  AFM  [14] 


Leaf 

Microbump 

Scan  size 

(50 

x  50  fim) 

Nanobump 

Scan  size 

(2x 

2  \im) 

P-V  height 

Mid-width 

Peak  radius 

P-V  height 

Mid-width 

Peak  radius 

(jim) 

(jm) 

(jwi) 

(jj.m) 

(jm) 

(fim) 

Lotus 

Fresh 

13a 

10a 

r 

0.78b 

0.40b 

0.15b 

Dried 

9b 

10b 

4b 

0.67b 

0.25b 

0.10b 

Colocasia 

Fresh    Bump 

9a 

15a 

5a 

0.53b 

0.25b 

0.07b 

Ridge 

8a 

T 

4l> 

0.68b 

0.30b 

0.1 2b 

Dried    Bump 

5b 

15b 

t 

0.48b 

0.20b 

0.06b 

Ridge 

4b 

8b 

4b 

0.57b 

0.25b 

0.11b 

Fagus 

Fresh 

5a 
4b 

icy 

5b 

15a 

10b 

0.1 8b 

0.04b 

0.01b 

Magnolia 

Fresh 

41' 
3b 

13a 

12b 

15b 

0.07b 

0.05b 

0.04b 

aData  measured  using  optical  profiler 
bData  measured  using  AFM 


the  bump  shape  behaves.  For  each  leaf  a  second  order  curve  fit  has  been  given  to  the 
profiles  to  show  how  closely  the  profile  is  followed.  By  using  the  second  order 
curve  fitting  of  the  profiles,  the  radius  of  curvature  can  be  found  [13,  14]. 

Using  these  optical  surface  height  maps,  different  statistical  parameters  of  bumps 
and  ridges  can  be  found  to  characterize  the  surface:  P-V  height,  mid- width,  and  peak 
radius  [24,  25].  Table  20.3  shows  these  quantities  found  in  the  optical  height  maps 
for  the  four  leaves.  Comparing  the  superhydrophobic  and  hydrophilic  leaves,  it  can 
be  seen  that  the  P-V  height  for  bumps  of  Lotus  and  Colocasia  is  much  taller  than  that 
for  the  bumps  of  Fagus  and  Magnolia.  The  peak  radius  for  the  bumps  of  Lotus  and 
Colocasia  is  also  smaller  than  that  for  the  bumps  of  Fagus  and  Magnolia.  However, 
the  values  of  mid-width  for  the  bumps  of  the  four  leaves  are  similar. 


20.3.2.5     Surface  Characterization,  Adhesion  and  Friction  Using  an  AFM 

Comparison  of  Two  AFM  Measurement  Techniques 

To  measure  topographic  images  of  the  leaf  surfaces,  both  the  contact  and  tapping 
modes  were  first  used  [14].  Figure  20.20  shows  surface  height  maps  of  dried  Lotus 
obtained  using  the  two  techniques.  In  the  contact  mode,  local  height  variation  for 
Lotus  leaf  was  observed  in  50  urn  scan  size.  However,  little  height  variation  was 
obtained  in  a  2  urn  scan  even  at  loads  as  low  as  2  nN.  This  could  be  due  to 
the  substantial  frictional  force  generated  as  the  probe  scanned  over  the  sample. 
The  frictional  force  can  damage  the  sample.  The  tapping  mode  technique  allows 
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AFM  surface  height  maps  of  dried  lotus  by  two  techniques 

I   10  urn 


2  yia 


50  ^m 


2  firti 


2  iinx 


2  pm  scan 

Tapping  mode 

Fig.  20.20  Surface  height  maps  showing  the  top  scan  and  bottom  scan  in  a  50  urn  scan  size  and 
the  bump  peak  scan  selected  in  a  2  urn  scan  size  for  a  Lotus  leaf  using  an  AFM  in  contact  mode  and 
tapping  mode.  Two  methods  were  used  to  determine  a  suitable  method  to  obtain  high  resolution  of 
nanotopography  for  a  Lotus  leaf  [14] 


high-resolution  topographic  imaging  of  sample  surfaces  that  are  easily  damaged, 
loosely  held  to  their  substrate,  or  difficult  to  image  by  other  AFM  techniques  [24,  25]. 
As  shown  in  Fig.  20.20,  with  the  tapping  mode  technique,  the  soft  and  fragile  leaves 
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can  be  imaged  successfully.  Therefore  tapping  mode  technique  was  used  to  examine 
the  surface  roughness  of  the  superhydrophobic  and  hydrophilic  leaves  using  an  AFM. 

Surface  Characterization 

The  AFM  has  a  Z-range  on  the  order  of  7  urn,  and  cannot  be  used  for  measurements 
in  a  conventional  way  because  of  the  high  P-V  distances  of  a  Lotus  leaf.  Burton 
and  Bhushan  [13]  developed  a  new  method  to  fully  determine  the  bump  profiles. 
In  order  to  compensate  for  the  large  P-V  distance,  two  scans  were  made  for  each 
height:  one  measurement  that  scans  the  tops  of  the  bumps  and  another  measurement 
that  scans  the  bottom  or  valleys  of  the  bumps.  The  total  height  of  the  bumps  is 
embedded  within  the  two  scans.  Figure  20.21  shows  the  50  um  surface  height  maps 
obtained  using  this  method  [14].  The  2-D  profiles  in  the  right  side  column  take  the 
profiles  from  the  top  scan  and  the  bottom  scan  for  each  scan  size  and  splice  them 
together  to  get  the  total  profile  of  the  leaf.  The  2  um  surface  height  maps  for  both 
fresh  and  dried  Lotus  can  also  be  seen  in  Fig.  20.21.  This  scan  area  was  selected  on 
the  top  of  a  microbump  obtained  in  the  50  urn  surface  height  map.  It  can  be  seen 
that  nanobumps  are  randomly  and  densely  distributed  on  the  entire  surface  of  Lotus. 

Bhushan  and  Jung  [14]  also  measured  the  surface  height  maps  for  the  hydro- 
philic leaves  in  both  50  um  and  2  um  scan  sizes  as  shown  in  Fig.  20.22.  For  Fagus 
and  Magnolia,  microbumps  were  found  on  the  surface,  and  the  P-V  distance  of 
these  leaves  is  lower  than  that  of  Lotus  and  Colocasia.  It  can  be  seen  in  the  2  um 
surface  height  maps  that  nanobumps  selected  on  the  peak  of  the  microbump  have  an 
extremely  low  P-V  distance. 

Using  the  AFM  surface  height  maps,  different  statistical  parameters  of  bumps 
and  ridges  can  be  obtained:  P-V  height,  mid-width,  and  peak  radius.  These  quan- 
tities for  the  four  leaves  are  listed  in  Table  20.3.  It  can  be  seen  that  the  values 
correlate  well  with  the  values  obtained  from  optical  profiler  scans  except  for  the 
bump  height,  which  decreases  by  more  than  half  because  of  leaf  shrinkage. 

Adhesive  Force  and  Friction 

Adhesive  force  and  coefficient  of  friction  of  superhydrophobic  and  hydrophilic 
leaves  using  AFM  are  presented  in  Fig.  20.23  [14].  For  each  type  of  leaf, 
adhesive  force  measurements  were  made  for  both  fresh  and  dried  leaves  using  a 
15  um  radius  tip.  It  is  found  that  the  dried  leaves  had  a  lower  adhesive  force  than 
the  fresh  leaves.  Adhesive  force  arises  from  several  sources  in  changing  the 
presence  of  a  thin  liquid  film,  such  as  an  adsorbed  water  layer  that  causes 
meniscus  bridges  to  build  up  around  the  contacting  and  near  contacting  bumps 
as  a  result  of  surface  energy  effects  [24,  25].  When  the  leaves  are  fresh  there  is 
moisture  within  the  plant  material  that  causes  the  leaf  to  be  soft,  and  when  the  tip 
comes  into  contact  with  the  leaf  sample,  the  sample  will  deform,  and  a  larger  real 
area  of  contact  between  the  tip  and  sample  will  occur,  and  the  adhesive  force  will 
increase.  After  the  leaf  has  dried,  the  moisture  that  was  in  the  plant  material  is 
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50nm 


AFM  surface  height  maps  of  fresh  and  dried  lotus  with  50  um  and  2  urn  scans 
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Fig.  20.21  Surface  height  maps  and  2-D  profiles  showing  the  top  scan  and  bottom  scan  of  a  dried 
Lotus  leaf  in  50  pm  scan  (because  the  P-V  distance  of  a  dried  Lotus  leaf  is  greater  than  the  Z-range 
of  an  AFM),  and  the  top  scan  of  both  fresh  and  dried  Lotus  in  a  2  um  scan  [14].  Splicing  technique 
was  used  to  determine  the  bump  profiles.  In  order  to  compensate  for  the  large  P-V  distance,  the 
total  height  of  the  bumps  is  embedded  within  the  top  scan  and  bottom  scan 


gone,  and  there  is  not  as  much  deformation  of  the  leaf  when  the  tip  comes  into 
contact  with  the  leaf  sample.  Hence,  the  adhesive  force  is  decreased  because  the 
real  area  of  contact  has  decreased. 
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Fig.  20.22    Surface  height  maps  and  2-D  profiles  of  Fagus  and  Magnolia  using  an  AFM  in  both 
50  um  and  2  um  scans  [14] 


The  adhesive  force  of  Fagus  and  Magnolia  is  higher  than  that  of  Lotus  and 
Colocasia.  The  reason  is  that  the  real  area  of  contact  between  the  tip  and  leaf  surface 
is  expected  to  be  higher  in  hydrophilic  leaves  than  in  superhydrophobic  leaves.  In 
addition,  the  Fagus  and  Magnolia  are  hydrophilic  and  have  a  high  affinity  to  water. 
The  combination  of  high  real  area  of  contact  and  affinity  to  water  are  responsible 
for  higher  meniscus  forces  [24,  25].  The  coefficient  of  friction  was  only  measured 
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Fig.  20.23    Adhesive  force 
for  fresh  and  dried  leaves, 
and  the  coefficient  of  friction 
for  dried  leaves  for  50  um 
and  2  um  scan  sizes  for 
hydrophobic  and  hydrophilic 
leaves.  All  measurements 
were  made  a  using  a  an 
AFM  with  1 5  um  radius 
borosilicate  tip. 
Reproducibility  for  both 
adhesive  force  and  coefficient 
of  friction  is  ±  5%  for  all 
measurements  [14] 


Adhesive  force  and  coefficient  of  friction  of  hydrophobic 
and  hydrophilic  leaves  using  15  urn  radius  tip 
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on  a  dried  plant  surface  with  the  same  sliding  velocity  (10  um/s)  in  different  scan 
sizes  rather  than  including  the  fresh  surface  because  the  P-V  was  too  large  to  scan 
back  and  forth  with  the  AFM  to  obtain  friction  force.  As  expected,  the  coefficient  of 
friction  for  superhydrophobic  leaves  is  lower  than  that  for  hydrophilic  leaves  due  to 
the  real  area  of  contact  between  the  tip  and  leaf  sample,  similar  to  the  adhesive  force 
results.  When  the  scan  size  from  microscale  to  nanoscale  decreases,  the  coefficient 
of  friction  also  decreases  in  each  leaf.  The  reason  for  such  dependence  is  the  scale 
dependent  nature  of  the  roughness  of  the  leaf  surface.  Figures  20.2 1  and  20.22  show 
AFM  topography  images  and  2-D  profiles  of  the  surfaces  for  different  scan  sizes. 
The  scan  size  dependence  of  the  coefficient  of  friction  has  been  reported  previously 
[162-164]. 

20.3.2.6     Role  of  the  Hierarchical  Roughness 


The  approximation  of  the  roughness  factor  for  the  leaves  on  the  micro-  and 
nanoscale  was  made  using  AFM  scan  data  [14].  Roughness  factors  for  various 
leaves  are  presented  in  Table  20.4.  As  mentioned  earlier,  the  open  space  between 
asperities  on  a  surface  has  the  potential  to  collect  air,  and  its  probability  appears  to 
be  higher  in  nanobumps  as  the  distance  between  bumps  in  the  nanoscale  is  smaller 
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Table  20.4  Roughness  factor  and  contact  angle  (AG  =  9  —  60)  calculated  using  Rf  on  the  smooth 
surface  for  hydrophobic  and  hydrophilic  leaves  measured  using  an  AFM,  both  microscale  and 
nanoscale  [14] 


Leaf  (Contact  angle) 

Scan  size 

State 

Rf 

A9  (deg) 

Lotus  (153°) 

50  jim 

Dried 

5.6 

54a 

2  jim 

Fresh 

20 

61b 

Dried 

16 

60b 

Colocasia  (152°) 

50  jim 

Dried 

8.4 

56a 

2  jim  bump 

Fresh 

18 

60b 

Dried 

14 

59b 

2  jim  ridge 

Fresh 

18 

60b 

Dried 

15 

59b 

Fagus (76°) 

50  jim 

Fresh 

3.4 

-10a 

2  jim 

Fresh 

5.3 

2b 

Magnolia  (84°) 

50  jim 

Fresh 

3.8 

-4a 

2  jim 

Fresh 

3.6 

14b 

"Calculations  made  using  Wenzel  equation 

Calculations  made  using  Cassie-Baxter  equation.  We  assume  that  the  contact  area  between  the 
droplet  and  air  is  the  half  of  the  whole  area  of  the  rough  surface 


than  those  in  microscale.  Using  roughness  factor  values,  along  with  the  contact 
angles  (G)  from  both  superhydrophobic  and  hydrophilic  surfaces,  153°  and  152°  in 
Lotus  and  Colocasia,  and  76°  and  84°  in  Fagus  and  Magnolia,  respectively,  the 
contact  angles  (60)  for  the  smooth  surfaces  can  be  calculated  using  the  Wenzel 
equation  (20.6)  for  microbumps  and  the  Cassie-Baxter  equation  (20.9)  for  nano- 
bumps.  Contact  angle  (A6)  calculated  using  Rf  on  the  smooth  surface  can  be  found 
in  Table  20.4.  It  can  be  seen  that  the  roughness  factors  and  the  differences  (AG) 
between  G  and  Go  on  the  nanoscale  are  higher  than  those  in  the  microscale.  This 
means  that  nanobumps  on  the  top  of  a  microbump  increase  contact  angle  more 
effectively  than  microbumps.  In  the  case  of  hydrophilic  leaves,  the  values  of  Rf  and 
AG  change  very  little  on  both  scales. 

Based  on  the  data  in  Fig.  20.23,  the  coefficient  of  friction  values  in  the  nanoscale 
are  much  lower  than  those  in  the  microscale.  It  is  clearly  observed  that  friction 
values  are  scale  dependent.  The  height  of  a  bump  and  the  distance  between  bumps 
in  microscale  is  much  larger  than  those  in  nanoscale,  which  may  be  responsible  for 
larger  values  of  friction  force  on  the  microscale. 

One  difference  between  microbumps  and  nanobumps  for  surface  enhancement 
of  water  repellency  is  the  effect  on  contact  angle  hysteresis,  in  other  words,  the  ease 
with  which  a  droplet  of  water  can  roll  on  the  surface.  It  has  been  stated  earlier  that 
contact  angle  hysteresis  decreases  and  contact  angle  increases  due  to  the  decreased 
contact  with  the  solid  surface  caused  by  the  air  pockets  beneath  the  droplet.  The 
surface  with  nanobumps  has  a  high  roughness  factor  compared  with  that  of  micro- 
bumps. With  large  distances  between  microbumps,  the  probability  of  air  pocket 
formation  decreases  and  is  responsible  for  high  contact  angle  hysteresis.  There- 
fore, on  the  surface  with  nanobumps,  the  contact  angle  is  high  and  contact  angle 
hysteresis  is  low,  and  drops  rebound  easily  and  can  set  into  a  rolling  motion  with 
a  small  tilt  angle  [14]. 
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Natural  water-repellent  and  self-cleaning  surfaces  such  as  the  Lotus  leaf  [4,  15] 
or  water  strider  leg  [5]  have  a  hierarchical  structure.  However,  the  functionality  of 
this  hierarchical  roughness  remains  a  subject  of  discussion,  and  several  explana- 
tions have  been  suggested.  Nosonovsky  and  Bhushan  [27,  31-33,  61-64,  79,  80] 
showed  that  the  mechanisms  involved  in  superhydrophobicity  are  scale  depen- 
dent, and  thus  the  roughness  must  be  hierarchical  in  order  to  respond  to  these 
mechanisms.  The  surface  must  be  able  to  repel  both  macroscopic  and  microscopic 
droplets.  Fiirstner  et  al.  [165]  pointed  out  that  artificial  surfaces  with  one  level  of 
roughness  can  well  repel  large  "artificial  rain"  droplets;  however,  they  cannot  repel 
small  "artificial  fog"  droplets  trapped  in  the  valleys  between  the  bumps,  so  the 
hierarchy  may  have  to  do  with  the  ability  to  repel  droplets  of  various  size  ranges. 
According  to  Gao  and  McCarthy  [166],  the  large  bumps  allow  to  maintain  the 
composite  interface  while  the  small  ones  enhance  the  contact  angle  in  accordance  to 
the  Wenzel  model.  Jung  and  Bhushan  [76]  showed  that  a  droplet  with  radius  of 
about  100-400  urn  on  micropatterned  surfaces  goes  through  transition  from  the 
composite  interface  to  the  solid-liquid  interface  as  the  pitch  increases,  and  Bhushan 
et  al.  [71,  73,  74]  showed  that  the  hierarchical  structure  can  prevent  the  gaps 
between  the  pillars  from  filling  with  liquid  until  the  droplet  evaporated  completely. 


20.4    How  to  Make  a  Surface  for  Superhydrophobicity, 
Self-cleaning,  Low  Adhesion,  and  Drag  Reduction 

Fabrication  of  superhydrophobic  surfaces  has  been  an  area  of  active  research 
since  the  mid-1990s.  In  general,  the  same  techniques  that  are  used  for  micro- 
and  nanostructure  fabrication,  such  as  lithography,  etching,  deposition  and  self- 
assembly,  have  been  utilized  for  producing  superhydrophobic  surfaces  (Fig.  20.24, 
Table  20.5).  Pros  and  cons  of  these  techniques  are  summarized  in  Table  20.6. 
Among  especially  interesting  developments  is  the  creation  of  switchable  surfaces 


Lithography 


Fabrication  techniques  for  creating  micro/nanoroughness 


I 


Etching 


Deformation 


Photo 

-  Plasma 

E-beam 

-  Laser 

X-ray 

-  Chemical 

Soft 

-  Electrochemical 

■  Stretching 


Deposition 


-  Adsorption 

-  Dip  coating 

-  Spin  coating 

-  Spray  coating 

-  Self  assembly 

-  Anodization 

-  Electrochemical 

-  Evaporation 
-CVD 

-  Plasma 


1 


Transfer 


-  Casting 

-  Nanoimprint 


Fig.  20.24   Typical  methods  to  fabricate  micro/nanoroughened  surfaces 
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Table  20.6    Pros  and  cons  of  various  fabrication  techniques 


Techniques 

Pros 

Cons 

Lithography 
Etching 
Deposition 
Self  assembly 

Accuracy,  large  area 

Fast 

Flexibility,  cheap 

Flexibility,  cheap 

Slow  process,  high  cost 
Chemical  contamination,  less  control 
Can  be  high  temperature,  less  control 
Require  suitable  precursor 

that  can  be  turned  from  hydrophobic  to  hydrophilic  by  surface  energy  modification 
through  electrowetting,  light  and  X-ray  irradiation,  dynamic  effects,  optical  effects 
(e.g.,  the  transparence,  reflectivity  or  non-reflectivity)  combined  with  the  Lotus 
effect,  hydrophobic  interactions,  and  so  on  [153,  170,  177,  193,  194].  An  important 
requirement  for  potential  applications  for  optics  and  self-cleaning  glasses  is  the 
creation  of  transparent  superhydrophobic  surfaces.  In  order  for  the  surface  to  be 
transparent,  roughness  details  should  be  smaller  than  the  wavelength  of  visible  light 
(about  400-700  nm)  [195]. 

Two  main  requirements  for  a  superhydrophobic  surface  are  that  the  surface 
should  be  rough  and  that  it  should  be  hydrophobic  (low  surface  energy).  These 
two  requirements  lead  to  two  methods  of  producing  a  superhydrophobic  surface: 
first,  it  is  possible  to  make  a  rough  surface  from  an  initially  hydrophobic  material 
and,  second,  to  modify  a  rough  hydrophilic  surface  by  modifying  surface  chem- 
istry or  applying  a  hydrophobic  material  upon  it.  Note  that  roughness  is  usually  a 
more  critical  property  than  the  low  surface  energy,  since  both  moderately  hydro- 
phobic and  very  hydrophobic  materials  can  exhibit  similar  wetting  behavior  when 
roughened. 


20.4.1     Roughening  to  Create  One-Level  Structure 

Lithography  is  a  well-established  technique,  applied  for  creating  a  large  area  of 
periodic  micro/nanopatterns.  It  includes  photo,  E-beam,  X-ray,  and  soft  lithogra- 
phy. Bhushan  and  Jung  [69]  produced  micropatterned  Si  using  photolithography. 
To  obtain  a  sample  that  is  hydrophobic,  a  self-assembled  monolayer  (SAM)  of  1 , 1 ,  -2, 
2,  -tetrahydroperfluorodecyltrichlorosilane  (PF3)  was  deposited  on  the  sample 
surfaces  using  a  vapor  phase  deposition  technique.  They  obtained  a  superhydro- 
phobic surface  with  a  contact  angle  up  to  170°.  Martines  et  al.  [180]  fabricated 
ordered  arrays  of  nanopits  and  nanopillars  by  using  electron  beam  lithography.  They 
obtained  a  superhydrophobic  surface  with  a  static  contact  angle  of  164°  and  contact 
angle  hysteresis  of  1°  for  a  surface  consisting  of  tall  pillars  with  cusped  tops  after 
hydrophobization  with  octadecyltrichlorosilane  (OTS).  Fiirstner  et  al.  [165]  created 
silicon  wafers  with  regular  patterns  of  spikes  by  X-ray  lithography.  The  wafer  was 
hydrophobized  by  sputtering  a  layer  of  gold  and  subsequent  immersion  in  a  hex- 
adecanethiol  solution.  AFM  can  be  used  in  nanolithography  to  produce  a  nanos- 
tructure  with  the  aid  of  solvent  [182]  or  electro  field  [181]  on  polystyrene  (PS)  and 
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polymethylmethacrylate  (PMMA),  respectively.  Jung  and  Bhushan  [99]  created  low 
aspect  ratio  asperities  (LAR,  1 : 1  height-to-diameter  ratio),  high  aspect  ratio  aspe- 
rities (HAR,  3:1  height-to-diameter  ratio),  and  a  Lotus  pattern  (replica  from  the 
Lotus  leaf),  all  on  a  PMMA  surface  using  soft  lithography.  A  self-assembled 
monolayer  (SAM)  of  perfluorodecyltriethoxysilane  (PFDTES)  was  deposited  on 
the  patterned  surfaces  using  a  vapor  phase  deposition  technique. 

One  well-known  and  effective  way  to  make  rough  surfaces  is  etching  using 
either  plasma,  laser,  chemical,  or  electrochemical  techniques  [196].  Jansen  et  al. 
[183]  etched  a  silicon  wafer  using  a  fluorine-based  plasma  by  utilizing  the  black 
silicon  method  to  obtain  isotropic,  positively,  and  negatively  tapered  as  well  as 
vertical  walls  with  smooth  surfaces.  Coulson  et  al.  [197]  described  an  approach  in 
plasma  chemical  roughening  of  poly(tetrafluoroethylene)  (PTFE)  substrates  fol- 
lowed by  the  deposition  of  low  surface  energy  plasma  polymer  layers,  which  give 
rise  to  high  repellency  towards  polar  and  nonpolar  probe  liquids.  A  different 
approach  was  taken  by  Shiu  et  al.  [168],  who  treated  a  Teflon  film  with  oxygen 
plasma  and  obtained  a  superhydrophobic  surface  with  a  contact  angle  of  168°. 
Fluorinated  materials  have  a  limited  solubility,  which  makes  it  difficult  to  roughen 
them.  However,  they  may  be  linked  or  blended  with  other  materials,  which  are 
often  easier  to  roughen,  in  order  to  make  superhydrophobic  surfaces.  Teshima  et  al. 
[176]  obtained  a  transparent  superhydrophobic  surface  from  a  poly  (ethylene 
terephthalate)  (PET)  substrate  via  selective  oxygen  plasma  etching  followed  by 
plasma-enhanced  chemical  vapor  deposition  using  tetramethylsilane  (TMS)  as  the 
precursor.  Khorasani  et  al.  [171]  produced  porous  polydimethylsiloxane  (PDMS) 
surfaces  with  the  contact  angle  of  175°  using  C02-pulsed  laser  etching  method  as 
an  excitation  source  for  surface.  Qian  and  Shen  [178]  described  a  simple  surface 
roughening  method  by  dislocation  selective  chemical  etching  on  polycrystalline 
metals  such  as  aluminum.  After  treatment  with  fluoroalkylsilane,  the  etched 
metallic  surfaces  exhibited  superhydrophobicity.  Xu  et  al.  [170]  fabricated  a 
reversible  superhydrophobic  surface  with  a  double-roughened  perfluorooctanesul- 
fonate  (PFOS)  doped  conducting  polypyrrole  (PPy)  film  by  a  combination  of 
electropolymerization  and  chemical  polymerization.  Reversibility  was  achieved 
by  switching  between  superhydrophobic  doped  or  oxidized  states  and  superhydro- 
philicity  dedoped  or  neutral  states  with  changing  the  applied  electrochemical 
potential. 

A  stretching  method  can  be  used  to  produce  a  superhydrophobic  surface.  Zhang 
et  al.  [167]  stretched  a  Teflon  film  and  converted  it  into  fibrous  crystals  with  a 
large  fraction  of  void  space  in  the  surface,  leading  to  high  roughness  and  the 
superhydrophobicity . 

Deposition  methods  can  also  be  used  to  make  a  substrate  rough.  There  are 
several  ways  to  make  a  rough  surface  including  adsorption,  dip  coating,  electro- 
spinning,  anodization,  electrochemical,  evaporation,  chemical  vapor  deposition 
(CVD),  and  plasma.  Solidification  of  wax  can  be  used  to  produce  a  superhydro- 
phobic surface.  Shibuichi  et  al.  [65]  used  alkylketene  dimer  (AKD)  wax  on  a  glass 
plate  to  spontaneously  form  a  fractal  structure  in  its  surfaces.  They  obtained  a 
surface  with  a  contact  angle  larger  than  170°  without  any  fluorination  treatments. 
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Klein  et  al.  [188]  obtained  superhydrophobic  surfaces  by  simply  dip-coating  a 
substrate  with  a  slurry  containing  nano-silica  spheres,  which  adhered  to  the  sub- 
strate after  a  low  temperature  heat  treatment.  After  reaction  of  the  surface  with  a 
fluoroalkyltrichlorosilane,  the  hydrophobicity  increased  with  a  decreasing  area 
fraction  of  spheres.  Ma  et  al.  [172]  produced  block  copolymer  poly(styrene-b- 
dimethylsiloxane)  fibers  with  submicrometer  diameters  in  the  range  150-400  nm 
by  electrospinning  from  a  solution  in  tetrahydrofuran  and  dimethylformamide. 
They  obtained  superhydrophobic  nonwoven  fibrous  mats  with  a  contact  angle  of 
163°.  Shiu  et  al.  [168]  produced  self-organized  close-packed  superhydrophobic 
surfaces  by  spin-coating  the  monodispersed  polystyrene  beads  solution  on  a  substrate 
surface.  Abdelsalam  et  al.  [198]  studied  the  wetting  of  structured  gold  surfaces 
formed  by  electrodeposition  through  a  template  of  submicrometer  spheres  and 
discussed  the  role  of  the  pore  size  and  shape  in  controlling  wetting.  Bormashenko 
et  al.  [173]  used  evaporated  polymer  solutions  of  polystyrene  (PS),  polycarbonate 
(PC)  and  polymethylmethacrylate  (PMMA)  dissolved  in  chlorinated  solvents, 
dichloromethane  (CH2Q2),  and  chloroform  (CHCI3),  to  obtain  self-assembled 
structure  with  hydrophobic  properties.  Chemical/physical  vapor  deposition 
(CVD/PVD)  has  been  used  for  the  modification  of  surface  chemistry  as  well.  Lau 
et  al.  [191]  created  superhydrophobic  carbon  nanotube  forests  by  modifying  the 
surface  of  vertically  aligned  nanotubes  with  plasma  enhanced  chemical  vapor 
deposition  (PECVD).  Superhydrophobicity  was  achieved  down  to  the  microscopic 
level  where  essentially  spherical,  micrometer-sized  water  droplets  can  be  sus- 
pended on  top  of  the  nanotube  forest.  Zhu  et  al.  [199]  and  Huang  et  al.  [192] 
prepared  surfaces  with  two-scale  roughness  by  the  controlled  growth  of  carbon 
nanotube  (CNT)  arrays  by  CVD.  Zhao  et  al.  [200]  also  synthesized  vertically 
aligned  multiwalled  carbon  nanotube  (MWCNT)  arrays  by  chemical-vapor  deposi- 
tion on  Si  substrates  using  a  thin  film  of  iron  (Fe)  as  catalyst  layer  and  aluminum 
(Al)  film. 

Attempts  to  create  superhydrophobic  surfaces  by  casting  and  nanoimprint  meth- 
ods have  been  successful.  Yabu  and  Shimomura  [169]  prepared  a  porous  super- 
hydrophobic transparent  membrane  by  casting  a  fluorinated  block  polymer  solution 
under  humid  environment.  Transparency  was  achieved  because  the  honeycomb- 
patterned  films  had  a  sub-wavelength  pore  size.  Sun  et  al.  [60]  reported  a  nanocast- 
ing  method  to  make  a  superhydrophobic  PDMS  surface.  They  first  made  a  negative 
PDMS  template  using  a  Lotus  leaf  as  an  original  template  and  then  used  the 
negative  template  to  make  a  positive  PDMS  template  -  a  replica  of  the  original 
Lotus  leaf.  Zhao  et  al.  [201]  prepared  a  superhydrophobic  surface  by  casting  a 
micellar  solution  of  a  copolymer  poly(styrene-b-dimethylsiloxane)  (PS-PDMS)  in 
humid  air  based  on  the  cooperation  of  vapor-induced  phase  separation  and  surface 
enrichment  of  PDMS  block.  Lee  et  al.  [174]  produced  vertically  aligned  PS 
nanofibers  by  using  nanoporous  anodic  aluminum  oxide  as  a  replication  template 
in  a  heat-  and  pressure-driven  nanoimprint  pattern  transfer  process.  As  the  aspect 
ratio  of  the  polystyrene  (PS)  nanofibers  increased,  the  nanofibers  could  not  stand 
upright  but  formed  twisted  bundles  resulting  in  a  three-dimensionally  rough  surface 
with  a  contact  angle  of  about  155°. 
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20.4.2     Coating  to  Create  One-Level  Hydrophobic  Structures 

Modifying  the  surface  chemistry  with  a  hydrophobic  coating  widens  the  poten- 
tial applications  of  superhydrophobic  surfaces.  There  are  several  ways  to 
modify  the  chemistry  of  a  surface  including  sol-gel,  dip  coating,  self-assembly, 
electrochemical  and  chemical/physical  vapor  deposition.  Shirtcliffe  et  al.  [177] 
prepared  porous  sol-gel  foams  from  organo-triethoxysilanes  which  exhibited 
switching  between  superhydrophobicity  and  superhydrophilicity  when  exposed 
to  different  temperatures.  Hikita  et  al.  [184]  used  colloidal  silica  particles  and 
fluoroalkylsilane  as  the  starting  materials  and  prepared  a  sol-gel  film  with 
superliquid-repellency  by  hydrolysis  and  condensation  of  alkoxysilane  com- 
pounds. Feng  et  al.  [153]  produced  superhydrophobic  surfaces  using  ZnO 
nanorods  by  sol-gel  method.  They  showed  that  superhydrophobic  surfaces  can 
be  switched  into  hydrophilic  surfaces  by  alternation  of  ultraviolet  (UV)  irradia- 
tion. Shang  et  al.  [185]  did  not  blend  low  surface  energy  materials  in  the  sols, 
but  described  a  procedure  to  make  transparent  superhydrophobic  surfaces  by 
modifying  silica  based  gel  films  with  a  fluorinated  silane.  In  a  similar  way,  Wu 
et  al.  [202]  made  a  microstructured  ZnO-based  surface  via  a  wet  chemical 
process  and  obtained  superhydrophobicity  after  coating  the  surface  with  long- 
chain  alkanoic  acids.  Chiou  et  al.  [175]  fabricated  polyaniline  nanofibers  using 
chemical  oxidative  polymerization  to  produce  uniform  aligned  nanofibers  and 
treated  with  CF4  plasma  treatment  to  create  superhydrophobic  surfaces  with  a 
contact  angle  of  175°. 

Zhai  et  al.  [187]  used  a  layer-by-layer  (LBL)  self-assembly  technique  to  create  a 
poly(allylamine  hydrochloride)/poly(acrylic  acid)  (PAH/PAA)  multilayer  which 
formed  a  honeycomb-like  structure  on  the  surface  after  an  appropriate  combination 
of  acidic  treatments.  After  cross-linking  the  structure,  they  deposited  silica  nano- 
particles  on  the  surface  via  alternating  dipping  of  the  substrates  into  an  aqueous 
suspension  of  the  negatively  charged  nanoparticles  and  an  aqueous  PAH  solution, 
followed  by  a  final  dipping  into  the  nanoparticle  suspension.  Superhydrophobicity 
was  obtained  after  the  surface  was  modified  by  a  chemical  vapor  deposition 
of  (tridecafluoro-l,l,2,2-tetrahydrooctyl)-l-trichlorosilane  followed  by  a  thermal 
annealing. 

Zhang  et  al.  [190]  showed  that  the  surface  covered  with  dendritic  gold  clusters, 
which  was  formed  by  electrochemical  deposition  onto  an  indium  tin  oxide  (ITO) 
electrode  modified  with  a  polyelectrolyte  multilayer,  showed  superhydrophobic 
properties  after  further  deposition  of  a  n-dode  cane  thiol  monolayer.  Han  et  al. 
[203]  described  the  fabrication  of  Lotus  leaf-like  superhydrophobic  metal  surfaces 
by  using  electrochemical  reaction  of  Cu  or  Cu-Sn  alloy  plated  on  steel  sheets 
with  sulfur  gas,  and  subsequent  perfluorosilane  treatment.  Chemical  bath  deposition 
(CBD)  has  also  been  used  to  make  nanostructured  surfaces,  thus,  Hosono  et  al. 
[204]  fabricated  a  nanopin  film  of  brucite-type  cobalt  hydroxide  (BCH)  and 
achieved  the  contact  angle  of  178°  after  further  modification  of  lauric  acid  (LA). 
Shi  et  al.  [205]  described  the  use  of  galvanic  cell  reaction  as  a  facile  method  to 
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chemically  deposit  Ag  nanostructures  on  the  /^-silicon  wafer  on  a  large  scale.  When 
the  Ag  covered  silicon  wafer  was  further  modified  with  a  self-assembled  monolayer 
of  n-dodecanethiol,  a  superhydrophobic  surface  was  obtained  with  a  contact  angle 
of  about  154°  and  a  tilt  angle  lower  than  5°. 


20.4.3    Methods  to  Create  Two-Level  (Hierarchical)  Structures 

Two-level  (hierarchical)  roughness  structures  are  typical  for  superhydrophobic 
surfaces  in  nature,  as  was  discussed  above.  Recently,  many  efforts  have  been 
devoted  to  fabricating  these  hierarchical  structures  in  various  ways.  Shirtcliffe 
et  al.  [179]  prepared  a  hierarchical  (double-roughened)  copper  surface  by  electro- 
deposition  from  acidic  copper  sulfate  solution  onto  flat  copper  and  a  patterning 
technique  of  coating  with  a  fluorocarbon  hydrophobic  layer.  Another  way  to  obtain 
a  rough  surface  for  superhydrophobicity  is  assembly  from  colloidal  systems.  Ming 
et  al.  [189]  prepared  a  hierarchical  (double  roughened)  surface  consisting  of  silica- 
based  raspberry-like  particles.  First  is  the  attachment  of  epoxy  and  amino  groups 
onto  the  silica  microparticles  of  about  700  nm  and  nanoparticles  of  about  70  nm, 
respectively,  using  established  synthetic  procedures.  Two  suspensions  in  ethanol 
are  created,  one  with  microparticles  and  another  one  with  nanoparticles.  In  the  next 
step,  the  suspension  with  the  silica  microparticles  is  added  dropwise  to  the  suspen- 
sion with  the  nanoparticles.  The  nanoparticles  attach  to  the  microparticles  due  to  the 
reaction  between  the  epoxy  and  amino  groups  present  on  the  surface  of  the 
particles.  Then,  the  suspension  is  centrifuged  to  separate  any  unreacted  particles. 
A  next  step  involves  depositing  these  micro/nanostructured  particles  into  an  epoxy 
film  (on  silicon).  Finally,  since  the  resulting  micro/nanoparticle  surface  is  initially 
hydrophilic,  it  is  made  hydrophobic  by  a  deposition  of  monoepoxy-end-capped 
poly(dimenthylsiloxane)  (PDMS).  Northen  and  Turner  [206]  fabricated  arrays  of 
flexible  silicon  dioxide  platforms  supported  by  single  high  aspect  ratio  silicon 
pillars  down  to  1  urn  in  diameter  and  with  heights  up  to  -50  urn.  When  these 
platforms  were  coated  with  polymeric  organorods  of  approximately  2  urn  tall  and 
50-200  nm  in  diameter,  it  showed  that  the  surface  is  highly  hydrophobic  with  a 
water  contact  angle  of  145°.  Chong  et  al.  [207]  fabricated  hierarchically  ordered 
nanowire  arrays  with  periodic  voids  at  the  microscale  and  hexagonally  packed 
nanowires  at  the  nanoscale.  This  hierarchical  surface  was  created  by  selective 
electrodeposition  using  nanoporous  anodic  alumina  as  a  template  and  a  porous 
gold  film  as  a  working  electrode  that  is  patterned  by  microsphere  monolayers. 
Wang  et  al.  [208]  also  developed  a  novel  precursor  hydrofhermal  redox  method 
with  Ni(OH)2  as  the  precursor  to  fabricate  a  hierarchical  structure  consisting  of 
nickel  hollow  microspheres  with  nickel  nanoparticles  in  situ.  The  created  hierar- 
chical hollow  structure  exhibited  enhanced  coercivity  and  remnant  magnetization 
as  compared  with  hollow  nickel  submicrometer  spheres,  hollow  nickel  nano- 
spheres,  bulk  nickel,  and  free  Ni  nanoparticles. 
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Kim  et  al.  [209]  fabricated  a  hierarchical  structure  which  looks  like  the  same 
structures  as  the  Lotus  leaf.  First,  the  nanoscale  porosity  was  generated  by  anodic 
aluminum  oxidation,  and  then,  the  anodized  porous  alumina  surface  was  repli- 
cated by  polytetrafluoroethylene.  The  polymer  sticking  phenomenon  during  the 
replication  created  the  sub-microstructures  on  the  negative  polytetrafluoroethy- 
lene nanostructure  replica.  The  contact  angle  of  the  created  hierarchical  structure 
was  about  160°  and  the  tilting  angle  is  less  than  1°.  Del  Campo  and  Greiner  [210] 
reported  that  SU-8  hierarchical  patterns  comprising  of  features  with  lateral 
dimensions  ranging  from  5  mm  to  2  mm  and  heights  from  10  to  500  um  were 
obtained  by  photolithography,  which  comprises  of  a  step  of  layer-by-layer  expo- 
sure in  soft  contact  printed  shadow  masks  which  are  embedded  into  the  SU-8 
multilayer.  Bhushan  et  al.  [71-74]  and  Koch  et  al.  [44]  produced  hierarchical 
structures  by  replication  of  a  micropatterned  silicon  surface  and  Lotus  leaf 
microstructure  using  an  epoxy  resin  and  by  self  assembly  of  synthetic  and  plant 
waxes  as  thin  hydrophobic  three-dimensional  crystals  to  create  hydrophobic 
nanostructures.  The  fabrication  technique  used  is  a  low  cost  two  step  process, 
which  provides  flexibility  in  the  fabrication  of  a  variety  of  hierarchical  structures. 
They  showed  that  a  hierarchical  structure  has  a  high  propensity  of  air  pocket 
formation  and  leads  to  a  static  contact  angle  of  173°  and  contact  angle  hysteresis 
and  tilt  angle  of  -2°.  Zhao  et  al.  [186]  fabricated  a  hierarchical  structure  by  using 
layer-by-layer  assembly  of  silica  nanoparticles  on  a  microsphere-patterned 
polyimide  precursor  substrate  combined  with  the  fluoroalkylsilane  treatment. 
The  microstructures  were  created  by  replica  molding  of  polyamide  using  two- 
dimensional  PS  microsphere  arrays.  They  obtained  a  superhydrophobic  surface 
with  a  static  contact  angle  of  160°  and  sliding  angle  of  less  than  10°.  Cortese  et  al. 
[211]  applied  plasma  CF4  treatment  on  micropattern  PDMS  and  obtained  contact 
angle  of  170°.  Kuan  et  al.  [212]  produced  a  hierarchical  structure  by  imprinting 
ZnO  precursor  films  using  gratings  with  830  nm  and  50  um  dimensions.  They 
achieved  a  contact  angle  of  141°  by  nanostructures  deposited  on  sawtooth 
patterns  without  modifying  the  surface  chemistry.  Jung  and  Bhushan  [100] 
produced  mechanically  durable  CNT  composite  hierarchical  structures  with  a 
static  contact  angle  of  170°  and  a  contact  angle  hysteresis  of  2°  by  replication  of  a 
micropatterned  silicon  surface  using  an  epoxy  resin  and  by  deposition  of  the  CNT 
composite  using  a  spray  method.  They  showed  that  CNT  composite  structure  had 
high  mechanical  strength  and  wear  resistance  led  from  the  uniform  distribution 
and  strong  bonding  of  CNT  on  substrates. 


20.5     Fabrication  and  Characterization  of  Micro-, 
Nano-  and  Hierarchical  Structured  Surfaces 

In  this  section,  we  will  discuss  experimental  measurements  of  the  wetting  proper- 
ties of  micro-,  nano-  and  hierarchical  patterned  surfaces. 
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20.5.1     Experimental  Techniques 

20.5.1.1  Contact  Angle,  Surface  Roughness,  and  Adhesion 

The  static  and  dynamic  (advancing  and  receding)  contact  angles  were  measured 
using  a  Rame-Hart  model  100  contact  angle  goniometer  and  droplets  of  DI  water 
[30,  44,  69,  71-75,  98,  99].  For  measurement  of  the  static  contact  angle,  the  droplet 
size  should  be  smaller  than  the  capillary  length,  but  larger  than  the  dimension 
of  the  structures  present  on  the  surfaces.  Droplets  of  about  5  uL  in  volume  (with 
the  diameter  of  a  spherical  droplet  about  2.1  mm)  were  gently  deposited  on  the 
substrate  using  a  microsyringe  for  measurement  of  the  static  contact  angle.  The 
advancing  and  receding  contact  angles  were  measured  by  the  addition  and  removal 
of  water  from  a  DI  water  sessile  droplet  using  a  microsyringe.  The  contact  angle 
hysteresis  was  calculated  as  the  difference  between  the  measured  advancing  and 
receding  contact  angles,  and  the  tilt  angle  was  measured  by  using  a  simple  tilting 
stage  [30,  44,  69,  71-74].  All  measurements  were  made  at  five  different  points  for 
each  sample  at  22  ±  1°C  and  50  ±  5%  RH.  The  measurements  were  reproducible 
to  within  ±3°. 

For  surface  roughness  measurement,  an  optical  profiler  (NT-3300,  Wyko  Corp., 
Tuscon,  AZ)  was  used  for  different  surface  structures  [13,  14,  30,  69].  The  optical 
profiler  has  one  advantage  due  to  its  greater  Z-range  (2  mm)  over  an  AFM  (Z-range 
about  7  um),  but  it  has  a  maximum  lateral  resolution  of  only  approximately  0.6  urn 
[24,  25].  Experiments  were  performed  using  three  different  radii  tips  to  study  the 
effect  of  scale  dependence.  Large  radii  atomic  force  microscope  (AFM)  tips  were 
primarily  used  in  this  study.  A  borosilicate  ball  with  15  urn  radius  and  a  silica  ball 
with  3.8  um  radius  were  mounted  on  a  gold-coated  triangular  Si3N4  cantilever  with 
a  nominal  spring  constant  of  0.58  N  m_1.  A  square  pyramidal  Si3N4  tip  with  a 
nominal  radius  of  30-50  nm  on  a  triangular  Si3N4  cantilever  with  a  nominal  spring 
constant  of  0.58  N  m_1  was  used  for  the  smaller  radius  tip.  Adhesive  force  was 
measured  using  the  force  distance  curve  approach  described  earlier  [24-26]. 

20.5.1.2  Droplet  Evaporation  Studies 

Droplet  evaporation  was  observed  and  recorded  by  a  digital  camcorder  (Sony, 
DCRSR100)  with  a  10  X  optical  and  120  X  digital  zoom  for  every  run  of  the 
experiment.  Then  the  decrease  in  the  diameter  of  the  droplets  with  time  was 
determined  [71,  73,  75,  76].  The  frame  speed  of  the  camcorder  was  0.03  s  per 
frame.  An  objective  lens  placed  in  front  of  the  camcorder  during  recording  gave  a 
total  magnification  of  10-20  times.  Droplet  diameter  as  small  as  a  few  100  urn 
could  be  measured  with  this  method.  Droplets  were  gently  deposited  on  the 
substrate  using  a  microsyringe,  and  the  whole  process  of  evaporation  was  recorded. 
Images  obtained  were  analyzed  using  Imagetool®  software  (University  of  Texas 
Health  Science  Center)  for  the  contact  angle.  To  find  the  dust  trace  remaining  after 
droplet  evaporation,  an  optical  microscope  with  a  charge-coupled  device  (CCD) 
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camera  (Nikon,  Optihot-2)  was  used.  All  measurements  were  made  in  a  controlled 
environment  at  22  ±  1°C  and  45  ±  5%  RH  [71,  73-76]. 


20.5.1.3     Bouncing  Droplet  Studies 

The  process  of  dynamic  impact  was  recorded  by  a  high  speed  camera  (Kodak 
Ektapro  HS  Motion  Analyzer,  Model  4540)  operated  at  500  frames/s  for  each 
experimental  run  and  then  measuring  the  dynamic  impact  behavior  of  the  droplet 
as  a  function  of  time.  The  impact  velocity  was  calculated  by  varying  the  droplet 
release  height.  The  size  of  the  droplet  was  the  same  as  that  of  a  droplet  for  the  static 
contact  angle.  All  measurements  were  made  in  a  controlled  environment  at 
22  ±  1°C  and  45  ±  5%  RH  [77]. 


20.5.1.4     Vibrating  Droplet  Studies 

The  process  of  dynamic  behavior  was  obtained  by  a  system  producing  vertical 
vibrations  [78].  The  system  consists  of  an  electrodynamic  shaker  (Labworks  Inc. 
Model  ET-126A/B)  connected  with  a  signal  generator  and  power  amplifier,  a  digital 
camcorder  (Sony,  DCRSR100,  Tokyo,  Japan)  with  an  objective  lens,  and  a  lamp 
(Digital  Instruments  Inc.  Model  F0-50)  for  a  light  source.  The  specimen  was  placed 
on  the  top  of  the  shaker,  and  a  droplet  was  gently  deposited  using  a  microsyringe. 
The  size  of  the  droplet  was  the  same  as  that  of  a  droplet  for  the  static  contact  angle 
as  reported  earlier.  The  vibration  frequency  was  controlled  between  0  and  300  Hz  at 
0.4  mm  amplitude  for  measurement  of  the  resonance  frequency  of  a  droplet.  For 
wetting  behavior  of  a  droplet  on  the  surface,  a  frequency  of  30  Hz,  which  was  less 
than  the  resonance  frequency,  was  chosen,  and  the  vibration  amplitude  was  con- 
trolled between  0  and  3  mm.  The  vibration  time  applied  to  the  droplet  was  1  min  for 
each  experiment.  All  measurements  were  made  in  a  controlled  environment  at 
22  ±  1°C  and  45  ±  5%  RH  [78]. 


20.5.1.5     Microdroplet  Condensation  and  Evaporation  Studies  Using  ESEM 

A  Philips  XL30  ESEM  equipped  with  a  Peltier  cooling  stage  was  used  to  study 
smaller  droplets  [76].  ESEM  uses  a  gaseous  secondary  electron  detector  (GSED) 
for  imaging.  The  ESEM  column  is  equipped  with  a  multistage  differential  pressure- 
pumping  unit.  The  pressure  in  the  upper  part  is  about  10_6-10-7  Torr,  but  a 
pressure  of  about  1-15  Torr  can  be  maintained  in  the  observation  chamber.  When 
the  electron  beam  (primary  electrons)  ejects  secondary  electrons  from  the  surface  of 
the  sample,  the  secondary  electrons  collide  with  gas  molecules  in  the  ESEM 
chamber,  which  in  turn  acts  as  a  cascade  amplifier,  delivering  the  secondary 
electron  signal  to  the  positively  biased  GSED.  The  positively  charged  ions  are 
attracted  toward  the  specimen  to  neutralize  the  negative  charge  produced  by  the 
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electron  beam.  Therefore,  the  ESEM  can  be  used  to  examine  electrically  isolated 
specimens  in  their  natural  state.  In  ESEM,  adjusting  the  pressure  of  the  water  vapor 
in  the  specimen  chamber  and  the  temperature  of  the  cooling  stage  allows  the  water 
to  condense  on  the  sample  in  the  chamber.  For  the  measurement  of  the  static  and 
dynamic  contact  angles  on  patterned  surfaces,  video  images  were  recorded.  The 
voltage  of  the  electron  beam  was  15  kV,  and  the  distance  of  the  specimen  from 
the  final  aperture  was  about  8  mm.  If  the  angle  of  observation  is  not  parallel  to  the 
surface,  the  electron  beam  is  not  parallel  to  the  surface  but  inclined  at  an  angle,  this 
will  produce  a  distortion  in  the  projection  of  the  droplet  profile.  A  mathematical 
model  to  calculate  the  real  contact  angle  from  the  ESEM  images  was  used  to  correct 
the  tilting  of  the  surfaces  during  imaging  [76,  213]. 


20.5.1.6     Generation  of  Submicron  Droplets 

In  order  to  generate  submicron  droplets,  Jung  and  Bhushan  [214]  developed  an 
AFM-based  technique  using  a  modified  nanoscale  dispensing  (NADIS)  probe  as 
shown  in  Fig.  20.25.  NADIS  probe  was  fabricated  from  modifying  a  commercially 
available  silicon  nitride  (Si3N4)  cantilever  (Olympus  OMCL-RC800)  with  lengths 
of  100  and  200  um,  spring  constants  of  0.8  and  0.1   N  m_1,  and  resonance 


Cantilever-tip  assembly 


Fig.  20.25    (a)  Schematic  of 
modified  nanoscale 
dispensing  (NADIS)  probe 
for  generation  of  submicron 
size  droplets.  The  loaded 
liquid  is  limited  to  the  loading 
area  (30  pm  diameter  circle), 
(b)  scanning  electron 
micrograph  of  tip  in  side  view 
and  bottom  view  with 
different  aperture  sizes 
(500  nm  and  200  nm)  at  its 
apex  [214] 


30  ^im  A 


Loading  area  of  liquid 
V 

Section  A-A 


1  urn  I  ^J200  nm 

Bottom  view 
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frequencies  of  68.94  and  122.02  kHz,  respectively  (Swiss  Center  for  Electronics 
and  Microtechnology).  The  probe  consisted  of  a  loading  area  (30  urn  diameter)  for 
the  liquid  on  the  upper  side  of  the  cantilever.  The  loading  area  was  produced 
by  removing  the  material  locally  in  and  around  the  tip  with  a  reflective  gold 
layer  using  focused  ion  beam  milling.  The  remaining  gold  was  made  hydrophobic 
using  hexadecanethiol  (in  liquid  phase)  whereas  the  bare  silicon  nitride  in  the 
milling  area  remained  hydrophilic.  The  hydrophilic-hydrophobic  transition  pre- 
vents spreading  of  the  loaded  liquid  over  the  entire  cantilever. 

A  droplet  of  a  certain  volume  V  is  deposited  on  the  surface.  Figure  20.26  shows 
an  idealized  spherical  capped  droplet.  Based  on  the  thickness  of  the  droplet  h  and 
contact  diameter  d,  the  contact  angle  is  obtained  by  the  following  equation  for  a 
simple  spherical  capped  geometry  of  droplet  [214]. 


3d 


2(&- 


nh2 


h). 


(20.23) 


For  calculation  of  the  contact  angle  of  the  droplet,  we  use  the  following  three  steps: 

1 .  For  the  measurement  of  the  volume  of  a  droplet  deposited  on  the  surface,  the 
change  in  resonance  frequency  of  the  cantilever  before  and  after  depositing  the 
droplet  on  the  surface  is  measured.  The  resonance  frequency  of  the  cantilever  is 
measured  by  performing  a  frequency  sweep  of  the  voltage  driven  oscillations  by 
thermal  tune  method  [215]. 

2.  For  the  measurement  of  the  thickness  of  a  droplet  deposited  on  the  surface,  the 
distance  between  the  tip  snap-in  and  the  position  where  the  tip  is  in  contact  with 
the  surface  is  measured  in  the  force  calibration  mode. 

3.  For  the  measurement  of  the  contact  diameter  between  a  droplet  and  surface,  the 
image  of  the  droplet  after  evaporation  is  measured  using  a  Si  tip. 

For  the  thickness  of  a  droplet  deposited  on  the  surface,  the  force  distance  curve 
was  used  [24-26].  The  droplet  was  deposited  in  the  first  approach.  The  force 
distance  curve  was  obtained  during  a  second  approach  to  measure  the  thickness 
of  the  droplet  [216-218].  The  cantilever  deflection  is  plotted  on  the  vertical  axis 
against  the  Z-position  of  the  piezo  scanner  in  a  force  distance  curve  as  shown  in 
Fig.  20.27.  The  measurement  starts  at  a  large  separation  (point  A),  where  there  is  no 


Fig.  20.26    Droplet  of  liquid 
in  contact  with  a  surface, 
contact  angle  9.  The  thickness 
of  droplet  is  h.  The  contact 
diameter  between  droplet  and 
surface  is  d.  The  radius  of 
curvature  of  droplet  is  ;•  [214] 
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deflection  of  the  cantilever.  As  the  piezo  moves  to  the  sample,  a  sudden  mechanical 
instability  occurs  between  point  B  and  point  C,  and  the  droplet  jumps  into  contact 
with  the  tip  and  wicks  up  around  the  tip  to  form  a  meniscus.  The  cantilever  bends 
downward  because  of  the  attractive  meniscus  force  acting  on  the  tip.  As  the  piezo 
further  approaches  the  surface,  the  deflection  of  the  cantilever  increases  while  the 
tip  travels  the  thickness  of  the  droplet  and  eventually  contacts  the  underlying 
surface  at  point  D,  and  the  cantilever  starts  to  bend  upward.  Once  the  piezo  reaches 
the  end  of  its  designated  ramp  size  at  point  E,  it  is  retracted  to  its  starting  position. 
The  tip  goes  beyond  zero  deflection  and  enters  the  adhesion  region.  At  point  F,  the 
elastic  force  of  the  cantilever  becomes  equivalent  to  the  adhesive  force,  causing  the 
cantilever  to  snap  back  to  point  G.  As  the  tip  travels  in  the  liquid,  it  is  deflected  as 
well.  The  tip  deflection  occurs  in  the  same  direction  as  the  piezo  travels  for  the 
AFM  used  in  this  study.  The  liquid  film  thickness  (h)  is  the  sum  of  the  travel 
distance  of  the  piezo  (described  as  hi  in  Fig.  20.27)  and  the  deflection  of  cantilever 
(described  as  h2  in  Fig.  20.27).  Though  previous  studies  show  that  h  overestimates 
the  actual  liquid  film  thickness,  it  still  provides  a  good  measurement  of  the 
thickness  of  droplet  [216-218]. 

The  resolution  of  volume  (mass),  thickness,  and  contact  diameter  was  about 
1  x  10"  p.nr  (0.12  fg),  0.1  nm,  and  <1  nm,  respectively.  The  resolution  of 
volume  was  calculated  with  the  measured  data  of  the  shift  in  the  resonance 
frequency  of  the  cantilever  from  122.01  to  122.02  kHz  during  the  evaporation 
time  of  10  min.  The  resolutions  of  thickness  and  contact  diameter  measurements 
were  from  the  calibration  data  of  the  z  piezo  and  x— y  piezo  by  AFM  vendor 
(Veeco),  respectively.  The  accuracy  of  volume,  thickness,  and  contact  diameter 
measurement  was  about  ±10%,  10%  and  <1  nm,  respectively. 


Force  calibration  plot  for  droplet  on  Si  surface 

Droplet  with  1 .1  nm  contact  diamter 


Piezo  position  (urn) 


Fig.  20.27    Force  calibration  plot  for  a  droplet  with  1 . 1  urn  contact  diameter  on  Si  surface.  The  h  is 
a  measure  of  droplet  thickness  on  the  surface 
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Fig.  20.28    Schematics  of 
waterfall/jet  setup  shown  in 
front  and  side  views  [100] 


Water  flow 


Waterfall/jet  setup 
Front  view 


Side  view 


20.5.1.7    Waterfall/Jet  Tests 

To  investigate  durability  of  the  created  surfaces  in  long-term  exposure  to  water  and 
different  kinetic  energies  of  water,  a  setup  was  constructed  to  provide  a  waterfall/jet 
flow  as  shown  in  Fig.  20.28  [100].  The  water  from  the  laboratory  faucet  flowed 
through  a  pipe.  Specimens  were  fixed  on  the  stage  by  using  a  double-sided 
adhesive  tape.  Specimens  are  placed  2  mm  below  the  four  holes  in  the  pipe.  In 
order  to  minimize  flow  interruption  on  the  specimens,  the  runoff  plate  was  tilted  to 
45°.  Waterfall/jet  experiments  are  composed  of  two  different  setups.  First,  water 
pressure  was  fixed  at  10  kPa,  and  then  specimens  were  exposed  for  24  h.  Next,  in 
order  to  apply  different  kinetic  energies  of  the  water,  the  water  pressure  was 
controlled  between  0  and  45  kPa.  The  exposure  time  applied  to  the  specimens 
was  20  min  for  each  experiment.  During  the  tests,  the  change  of  static  contact  angle 
was  measured  using  droplets  of  about  5  uL  in  volume  (with  radius  of  a  spherical 
droplet  about  1  mm)  gently  deposited  on  the  substrate  using  a  microsyringe.  For 
contact  angle  hysteresis,  the  advancing  and  receding  contact  angles  were  measured 
at  the  front  and  back  of  the  droplet  moving  along  the  tilted  surface,  respectively. 
The  image  of  the  droplet  is  obtained  by  a  digital  camcorder  (Sony,  DCRSR100, 
Tokyo,  Japan)  with  a  lOx  optical  and  120x  digital  zoom.  Images  obtained  were 
analyzed  using  Imagetool®  software  (University  of  Texas  Health  Science  Center) 
for  the  contact  angle. 


20.5.1.8     Wear  and  Friction  Tests 


To  investigate  the  durability  of  structured  surfaces,  wear  tests  on  the  surfaces  were 
performed  using  a  commercial  AFM  (D3100,  Nanoscope  Ilia  controller,  Digital 
Instruments,  Santa  Barbara,  CA)  [100].  With  the  AFM  in  contact  mode,  the 
surfaces  were  worn  using  a  15  um  radius  borosilicate  ball  that  was  mounted  on  a 
triangular  SislNU  cantilever  with  a  nominal  spring  constant  of  0.58  N  m_1.  Wear 
scars  with  dimensions  of  50  x  50  um2  were  created  and  scanned  for  1  cycle  at  two 
different  loads  of  100  nN  and  10  uN.  In  order  to  analyze  the  changes  in  the 
morphology  of  structured  surfaces  before  and  after  wear  tests,  surface  height 
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maps  were  obtained  in  dimensions  of  100  x  100  um2  using  a  square  pyramidal  Si 
(100)  tip  with  a  native  oxide  layer  which  has  a  nominal  radius  of  20  nm  on  a 
rectangular  Si(100)  cantilever  with  a  spring  constant  of  3  N  m_1  and  at  a  natural 
frequency  of  76  kHz  in  tapping  mode. 

In  order  to  investigate  durability  at  a  high  load,  macroscale  wear  and  friction 
tests  on  the  structured  surfaces  were  conducted  based  on  an  established  procedure 
of  using  a  ball-on-flat  tribometer  under  reciprocating  motion  [100].  A  sapphire  ball 
with  a  diameter  of  3  mm  and  surface  finish  of  about  2  nm  RMS  was  fixed  on 
a  stationary  holder.  A  normal  load  of  10  mN  was  applied,  and  the  frictional  forces 
were  measured  with  semiconductor  strain  gauges,  which  were  then  digitized  and 
collected  on  a  computer.  Typical  test  conditions  were:  stroke  length  =  800  urn, 
average  linear  speed  =  1  mm/s,  temperature  =  22  ±  1°C,  and  relative  humidity  = 
45  ±  5%.  Wear  was  characterized  by  imaging  the  resulting  scar  with  an  optical 
microscope  with  a  CCD  camera  (Nikon,  Optihot-2)  before  and  after  wear  tests.  The 
number  of  cycles  to  failure  was  determined  by  identifying  the  point  where  a  sudden 
change  in  the  friction  force  is  observed. 


20.5.2    Micro-  and  Nanopatterned  Polymers 

Jung  and  Bhushan  [99]  studied  two  types  of  polymers:  poly(methyl  methacrylate) 
(PMMA)  and  polystyrene  (PS).  PMMA  and  PS  were  chosen  because  they  are 
widely  used  in  MEMS/NEMS  devices.  Both  hydrophilic  and  hydrophobic  surfaces 
can  be  produced  by  using  these  two  polymers,  as  PMMA  has  polar  (hydrophilic) 
groups  with  high  surface  energy  while  PS  has  electrically  neutral  and  nonpolar 
(hydrophobic)  groups  with  low  surface  energy.  Furthermore,  a  PMMA  structure 
can  be  made  hydrophobic  by  treating  it  appropriately,  for  example  by  coating  with 
a  hydrophobic  self-assembled  monolayer  (SAM). 

Four  types  of  surface  patterns  were  fabricated  from  PMMA:  a  flat  film,  low 
aspect  ratio  asperities  (LAR,  1 : 1  height-to-diameter  ratio),  high  aspect  ratio  aspe- 
rities (HAR,  3:1  height-to-diameter  ratio),  and  a  replica  of  the  Lotus  leaf  (the  Lotus 
pattern).  Two  types  of  surface  patterns  were  fabricated  from  PS:  a  flat  film  and  the 
Lotus  pattern.  Figure  20.29  shows  SEM  images  of  the  two  types  of  nanopatterned 
structures,  LAR  and  HAR,  and  the  one  type  of  micropatterned  structure,  Lotus 
pattern,  all  on  a  PMMA  surface  [98,  99].  Both  micro-  and  nanopatterned  structures 
were  manufactured  using  soft  lithography.  For  nanopatterned  structures,  PMMA 
film  was  spin-coated  on  the  silicon  wafer.  A  UV-cured  mold  of  polyurethane 
acrylate  (PUA)  resin  with  nanopatterns  of  interest  was  made  which  enables  one 
to  create  sub-100-nm  patterns  with  a  high  aspect  ratio  [219].  The  mold  was  placed 
on  the  PMMA  film,  and  a  slight  pressure  of  -10  g/cm  (-1  kPa)  was  applied  and 
annealed  at  120°C.  Finally,  the  PUA  mold  was  removed  from  PMMA  film.  For 
micropatterned  structures,  a  polydimethylsiloxane  (PDMS)  mold  was  first  made  by 
casting  PDMS  against  a  Lotus  leaf,  followed  by  heating.  Then,  the  mold  was  placed 
on  the  PMMA  and  PS  film  to  create  a  positive  replica  of  Lotus  leaf.  As  shown  in 
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Fig.  20.29    Scanning  electron 
micrographs  of  the  two 
nanopatterned  polymer 
surfaces  (shown  using  two 
magnifications  to  see  both  the 
asperity  shape  and  the 
asperity  pattern  on  the 
surface)  and  the 
micropatterned  polymer 
surface  (Lotus  pattern,  which 
has  only  microstructures  on 
the  surface)  [98,  99] 
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Fig.  20.29,  it  can  be  seen  that  only  microstructures  exist  on  the  surface  of  Lotus 
pattern  [99]. 

Since  PMMA  by  itself  is  hydrophilic,  in  order  to  obtain  a  hydrophobic  sample, 
a  self-assembled  monolayer  (SAM)  of  perfluorodecyltriethoxysilane  (PFDTES) 
was  deposited  on  the  sample  surfaces  using  a  vapor  phase  deposition  technique. 
PFDTES  was  chosen  because  of  its  hydrophobic  nature.  The  deposition  conditions 
for  PFDTES  were  100°C  temperature,  400  Torr  pressure,  20  min  deposition  time, 
and  20  min  annealing  time.  The  polymer  surface  was  exposed  to  an  oxygen  plasma 
treatment  (40  W,  O2  187  Torr,  10  s)  prior  to  coating  [220].  The  oxygen  plasma 
treatment  is  necessary  to  oxidize  any  organic  contaminants  on  the  polymer  surface 
and  to  also  alter  the  surface  chemistry  to  allow  for  enhanced  bonding  between  the 
SAM  and  the  polymer  surface. 


20.5.2.1     Contact  Angle  Measurements 


Jung  and  Bhushan  [99]  measured  the  static  contact  angle  of  water  with  the  micro- 
and  nanopatterned  PMMA  and  PS  structures;  see  Fig.  20.30.  Since  the  Wenzel 
roughness  factor  is  the  parameter  that  often  determines  wetting  behavior,  the 
roughness  factor  was  calculated,  and  it  is  presented  in  Table  20.7  for  various 
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Fig.  20.30    Contact  angles  for  various  micro-  and  nanopattemed  surfaces  on  PMMA  and  PS 
polymers  and  calculated  values  using  Wenzel  equation  [99] 


Table  20.7    Roughness  factor  for 
polymers  [99] 

micro- 

and 

nanopattemed 

LAR 

HAR 

Lotus 

Rf 

2.1 

5.6 

3.2 

samples.  The  data  show  that  the  contact  angle  of  the  hydrophilic  materials 
decreases  with  an  increase  in  the  roughness  factor,  as  predicted  by  the  Wenzel 
model.  When  the  polymers  were  coated  with  PFDTES,  the  film  surface  became 
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hydrophobic.  Figure  20.30  also  shows  the  contact  angle  for  various  PMMA  samples 
coated  with  PFDTES.  For  a  hydrophobic  surface,  the  standard  Wenzel  model 
predicts  an  increase  of  contact  angle  with  roughness  factor,  which  is  what  happens 
in  the  case  of  patterned  samples.  The  calculated  values  of  the  contact  angle  for 
various  micro-  and  nanopatterned  samples  based  on  the  contact  angle  of  the  smooth 
film  and  Wenzel  equation  are  also  presented.  The  measured  contact  angle  values  for 
the  Lotus  pattern  were  comparable  with  the  calculated  values,  whereas  for  the  LAR 
and  HAR  patterns  they  are  higher.  It  suggests  that  nanopatterns  benefit  from  air 
pocket  formation.  For  the  PS  material,  the  contact  angle  of  the  Lotus  pattern  also 
increased  with  increased  roughness  factor. 


20.5.2.2     Effect  of  Submicron  Droplet 

Wetting  phenomena  have  been  well  studied  and  understood  at  the  macroscale; 
however,  micro-  and  nanoscale  wetting  mechanisms  require  further  investigation. 
The  actual  contact  angle,  under  which  the  liquid-vapor  interface  comes  in  contact 
with  the  solid  surface  at  the  micro-  and  nanoscale,  is  known  to  decrease  with 
decreasing  droplet  size  [136,  221].  Jung  and  Bhushan  [214]  measured  the  contact 
angle  of  micro-  and  nanodroplets  on  various  surfaces  based  on  the  contact  diameter, 
thickness,  and  volume  of  droplets  measured  using  the  atomic  force  microscopy- 
based  technique.  The  contact  angle  for  different  droplet  sizes  on  various  surfaces  is 
summarized  in  Fig.  20.31.  The  data  for  the  microdroplets  with  2.4-8.1  urn  diameter 
and  nanodroplets  with  0.22-1.1  urn  diameter  were  compared  with  conventional 
contact  angle  measurements  obtained  with  a  droplet  with  2. 1  mm  diameter  (5  (J.L 
volume).  The  measured  values  of  micro-  and  nanodroplets  using  an  AFM  were 
found  to  be  lower  than  those  of  the  macrodroplet  [136,  221].  There  are  several 
reasons  for  the  scale  dependence,  such  as  the  effect  of  contact  line  tension  of  a 
three-phase  system  (solid-liquid-vapor),  which  is  the  excess  free  energy  of  a 


Fig.  20.31    Contact  angle 
measurements  for  different 
droplet  sizes  on  various 
surfaces  [214] 
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solid-liquid-vapor  system  per  unit  length  of  the  contact  line  [63,  136,  221,  222]. 
Another  reason  can  be  surface  heterogeneity  [136].  For  a  thin  fluid  film  present  on  a 
surface,  disjoining  pressure  of  a  film  is  repulsive,  analogous  to  the  repulsive  van  der 
Waals  force  across  a  film,  and  it  causes  a  film  to  spread  on  surfaces.  It  decreases 
with  the  liquid  layer  thickness  [23].  This  pressure  may  lead  to  a  smaller  contact 
angle  at  the  nanoscale. 


20.5.2.3     Scale  Dependence  on  Adhesive  Force 

Jung  and  Bhushan  [99]  found  that  scale-dependence  of  adhesion  and  friction  forces 
are  important  for  this  study  because  the  tip/surface  interface  area  changes  with 
size.  The  meniscus  force  will  change  due  to  either  changing  tip  radius,  the  hydro- 
phobicity  of  the  sample,  or  the  number  of  contacting  and  near-contacting  points. 
Figure  20.32  shows  the  dependence  of  the  tip  radius  and  hydrophobicity  on  the 
adhesive  force  for  PMMA  and  PFDTES  coated  on  PMMA  [99].  When  the  radius  of 
the  tip  is  changed,  the  contact  angle  of  the  sample  is  changed,  and  asperities  are 
added  to  the  sample  surface,  the  adhesive  force  will  change  due  to  the  change  in  the 
meniscus  force  and  the  real  area  of  contact. 

The  two  plots  in  Fig.  20.32  show  the  adhesive  force  on  a  linear  scale  for  the 
different  surfaces  with  varying  tip  radius.  The  left  bar  chart  in  Fig.  20.32  is  for 
hydrophilic  PMMA  film,  Lotus  pattern,  LAR,  and  HAR,  and  shows  the  effect  of  tip 
radius  and  hydrophobicity  on  adhesive  force.  For  increasing  radius,  the  adhesive 
force  increases  for  each  material.  With  a  larger  radius,  the  real  area  of  contact  and 
the  meniscus  contribution  increase,  resulting  in  increased  adhesion.  The  right  bar 
chart  in  Fig.  20.32  shows  the  results  for  PFDTES  coated  on  each  material.  These 
samples  show  the  same  trends  as  the  film  samples,  but  the  increase  in  adhesion  is 
not  as  dramatic.  The  hydrophobicity  of  PFDTES  on  material  reduces  meniscus 
forces,  which  in  turn  reduces  adhesion  from  the  surface.  The  dominant  mechanism 
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Fig.  20.32    Scale  dependent  adhesive  force  for  various  micro-  and  nanopatterned  surfaces 
measured  using  AFM  tips  of  various  radii  [99] 
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for  the  hydrophobic  material  is  real  area  of  contact  and  not  meniscus  force,  whereas 
with  hydrophilic  material  there  is  a  combination  of  real  area  of  contact  and 
meniscus  forces  [99]. 


20.5.3    Micropatterned  Si  Surfaces 

Micropatterned  surfaces  produced  from  single-crystal  silicon  (Si)  by  photolitho- 
graphy and  coated  with  a  self-assembled  monolayer  (SAM)  were  used  by  Jung  and 
Bhushan  [75-77]  in  their  study.  Silicon  has  traditionally  been  the  most  commonly 
used  structural  material  for  micro/nanocomponents.  A  Si  surface  can  be  made 
hydrophobic  by  coating  it  with  a  SAM.  One  of  the  purposes  of  this  investigation 
was  to  study  the  transition  from  the  Cassie-Baxter  to  Wenzel  regime  by  changing 
the  distance  between  the  pillars.  To  create  micropatterned  Si,  two  series  of  nine 
samples  each  were  fabricated  using  photolithography  [143].  Series  1  had  5-um 
diameter  and  10-um  height  flat-top,  cylindrical  pillars  with  different  pitch  values 
(7,  7.5,  10,  12.5,  25,  37.5,  45,  60,  and  75)  urn,  and  series  2  had  14-um  diameter  and 
30-um  height  flat-top,  cylindrical  pillars  with  different  pitch  values  (21,  23,  26,  35, 
70,  105,  126,  168,  and  210)  um.  The  pitch  is  the  spacing  between  the  centers  of  two 
adjacent  pillars.  The  SAM  of  1,  1,  -2,  2,  -tetrahydroperfluorodecyltrichlorosilane 
(PF3)  was  deposited  on  the  Si  sample  surfaces  using  a  vapor  phase  deposition 
technique  [143].  PF3  was  chosen  because  of  the  hydrophobic  nature  of  the  surface. 
The  thickness  and  root  mean  square  (RMS)  roughness  of  the  SAM  of  PF3  were 
1.8  nm  and  0.14  nm,  respectively  [223]. 

An  optical  profiler  was  used  to  measure  the  surface  topography  of  the  micro- 
patterned  surfaces  [30,  69,  76, 77].  One  sample  each  from  the  two  series  was  chosen 
to  characterize  the  surfaces.  Two  different  surface  height  maps  can  be  seen  for  the 
micropatterned  Si  in  Fig.  20.33.  In  each  case,  a  3-D  map  and  a  flat  map  along  with 
a  2-D  profile  in  a  given  location  of  the  flat  3-D  map  are  shown.  A  scan  size  of 
100  um  x  90  um  was  used  to  obtain  a  sufficient  amount  of  pillars  to  characterize 
the  surface  but  also  to  maintain  enough  resolution  to  get  an  accurate  measurement. 

Let  us  consider  the  geometry  of  flat-top,  cylindrical  pillars  of  diameter  D,  height 
H,  and  pitch  P,  distributed  in  a  regular  square  array  as  shown  in  Fig.  20.33.  For  the 
special  case  of  a  droplet  size  much  larger  than  P  (of  interest  in  this  study),  a  droplet 
contacts  the  flat-top  of  the  pillars  forming  the  composite  interface,  and  the  cavities 
are  filled  with  air.  For  this  case, /^  =  1  —  f^  =  1  —/sl-  Further  assume  that  the 
flat  tops  are  smooth  with  Rf  =  1.  The  contact  angles  for  the  Wenzel  and  Cassie- 
Baxter  regimes  are  given  by  (20.6  and  20.9)  [69]. 

„       /        nDH\ 
Wenzel  :      cos  0  =  I  1  +  — ^-  j  cos  0O  (20.24) 

nD2 
Cassie-Baxter  :      cos  6  =  -—r  (cos  0n  +  1)  —  1  (20.25) 
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Fig.  20.33  Surface  height  maps  and  2-D  profiles  of  the  micropatterned  surfaces  using  an  optical 
profiler  [69] 

Geometrical  parameters  of  the  flat-top,  cylindrical  pillars  in  series  1  and  2  are  used 
for  calculating  the  contact  angle  for  the  above-mentioned  two  cases.  Figure  20.34 
shows  the  plot  of  the  predicted  values  of  the  contact  angle  as  a  function  of  pitch 
between  the  pillars  for  the  two  cases.  The  Wenzel  and  Cassie-Baxter  equations 
present  two  possible  equilibrium  states  for  a  water  droplet  on  the  surface.  This 
indicates  that  there  is  a  critical  pitch  below  which  the  composite  interface  dom- 
inates and  above  which  the  homogeneous  interface  dominates  the  wetting  behavior. 
Therefore,  one  needs  to  find  the  critical  point  that  can  be  used  to  design  super- 
hydrophobic  surfaces.  Furthermore,  even  in  cases  where  the  liquid  droplet  does  not 
contact  the  bottom  of  the  cavities,  the  water  droplet  can  be  in  a  metastable  state  and 
can  become  unstable,  with  the  transition  from  the  Cassie-Baxter  to  Wenzel  regime 
occurring  if  the  pitch  is  large. 


20.5.3.1     Cassie-Baxter  and  Wenzel  Transition  Criteria 


A  stable  composite  interface  is  essential  for  the  successful  design  of  superhydro- 
phobic  surfaces.  However,  the  composite  interface  is  fragile,  and  it  may  transform 
into  the  homogeneous  interface.  What  triggers  the  transition  between  the  regimes 
remains  a  subject  of  argument,  although  a  number  of  explanations  have  been 
suggested.  Nosonovsky  and  Bhushan  [61]  have  studied  destabilizing  factors  for 
the  composite  interface  and  found  that  a  convex  surface  (with  bumps)  leads  to 


20     Biomimetics  Inspired  Surfaces  for  Superhydrophobicity,  Self-cleaning 


603 


180 


CD 
(D 

%  150 

c 
to 


03 
CO 


120 


90 


Calculated  static  contact  angle 
5-Mm  diameter,  10-pm  height  pillars 


Cassie-Baxter  equation 


50 


100 


150 


CD 
CD 
T3, 

a> 

CD 


03 
00 


180 

14-pm  diameter,  30-pm  height  pillars 

Cassie-Baxter  equation _ 

150 

.         /"^                             mm. 

120 

J                        '     ■ Wenzel  equation 

an 

J.JUOL 

50  100 

Pitch  (urn) 


150 


Fig.  20.34  Calculated  static  contact  angle  as  a  function  of  geometric  parameters  for  a  given  value 
of  90  using  the  Wenzel  and  Cassie-Baxter  equations  for  two  series  of  the  micropatterned  surfaces 
with  different  pitch  values  [69] 


a  stable  interface  and  high  contact  angle.  Also,  they  have  suggested  the  effects  of 
a  droplet's  weight  and  curvature  among  the  factors  which  affect  the  transition. 

Bhushan  and  Jung  [30,  69]  and  Jung  and  Bhushan  [75-77]  investigated  the  effect 
of  droplet  curvature  on  the  Cassie-Baxter  and  Wenzel  regime  transition.  First,  they 
considered  a  small  water  droplet  suspended  on  a  superhydrophobic  surface  con- 
sisting of  a  regular  array  of  circular  pillars  with  diameter  D,  height  H,  and  pitch  P  as 
shown  in  Fig.  20.35.  The  local  deformation  for  small  droplets  is  governed  by 
surface  effects  rather  than  gravity.  The  curvature  of  a  droplet  is  governed  by  the 
Laplace  equation,  which  relates  the  pressure  inside  the  droplet  to  its  curvature  [22], 
Therefore,  the  curvature  is  the  same  at  the  top  and  at  the  bottom  of  the  droplet  [63]. 
For  the  micropatterned  surface  considered  here,  the  maximum  droop  of  the  droplet 
occurs  in  the  center  of  the  square  formed  by  the  four  pillars  as  shown  in  Fig.  20.35a. 
Therefore,  the  maximum  droop  of  the  droplet  (8)  in  the  recessed  region  can  be 
found  in  the  middle  of  two  pillars  which  are  diagonally  across  as  shown  in 
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Fig.  20.35    A  liquid 
droplet  suspended  on  a 
superhydrophobic  surface 
consisting  of  a  regular  array 
of  circular  pillars,  (a)  Plan 
view.  The  maximum  droop  of 
droplet  occurs  in  the  center  of 
square  formed  by  four  pillars, 
(b)  Side  view  in  section  A-A. 
The  maximum  droop  of 
droplet  (5)  can  be  found  in  the 
middle  of  two  pillars  which 
are  diagonally  across  [75] 


,-?      Maximum  droop  of  droplet 


Section  A-A 


Fig.  20.35b,  which  is  (y/2P  -  D)2/(8R).  If  the  droop  is  greater  than  the  depth  of  the 
cavity,  then  the  droplet  will  just  contact  the  bottom  of  the  cavities  between  pillars.  If 
it  is  much  greater,  transition  from  the  Cassie-Baxter  to  Wenzel  regime  occurs. 


(V2P-D)2/R>H 


(20.26) 


To  investigate  the  dynamic  effect  of  a  bouncing  water  droplet  on  the  Cassie-Baxter 
and  Wenzel  regime  transition,  Jung  and  Bhushan  [77]  considered  a  water  droplet 
hitting  a  superhydrophobic  surface  as  shown  in  Fig.  20.35.  As  the  droplet  hits  the 
surface  at  velocity  V,  a  liquid-air  interface  below  the  droplet  is  formed  when  the 
dynamic  pressure  is  less  than  the  Laplace  pressure.  The  Laplace  pressure  can  be 
written  as 


pL  =  2y/R  =  I6y5/(V2P  -  D)2 


(20.27) 


where  y  is  the  surface  tension  of  the  liquid-air  interface,  and  the  dynamic  pressure 
of  the  droplet  is  equal  to 
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Pd  =  \pV2  (20.28) 

where  p  is  the  mass  density  of  the  liquid  droplet.  If  the  maximum  droop  of  the 
droplet  (8)  is  larger  than  the  height  of  pillar  (H),  the  droplet  contacts  the  bottom  of 
the  cavities  between  pillars.  Determination  of  the  critical  velocity  at  which  the 
droplet  touches  the  bottom  is  obtained  by  equating  the  Laplace  pressure  to  the 
dynamic  pressure.  To  develop  a  composite  interface,  velocity  should  be  smaller 
than  the  critical  velocity  given  as 


V<J ^      2  (20.29) 

Furthermore,  in  the  case  of  large  distances  between  the  pillars,  the  liquid-air 
interface  can  easily  be  destabilized  due  to  dynamic  effects.  This  leads  to  the 
formation  of  the  homogeneous  solid-liquid  interface  [61]. 

Nosonovsky  and  Bhushan  [81]  used  the  energy  barrier  approach  to  study  the 
Cassie-Baxter  and  Wenzel  transition.  The  energy  barrier  is  given  by  the  product  of 
height  of  the  pillars,  H,  pillar  perimeter,  nD,  pillar  density,  1/P2,  and  the  area,  A0, 
required  to  initiate  the  transition,  and  the  corresponding  change  in  the  surface 
energy 

A£  =  A0  ?L_  (ysL  _  ySA )  =  _A0  ?L_  yLA  cos  Q0  (20.30) 

where,  A0  is  7i(Rsin  9)  . 

For  a  short  pitch,  the  net  energy  of  the  Cassie-Baxter  state  is  lower  than  that 
of  the  Wenzel  state,  whereas  for  larger  pitch  values,  the  energy  of  the  Wenzel 
state  is  lower  (Fig.  20.15c).  However,  due  to  the  energy  barriers,  a  metastable 
Cassie-Baxter  state  with  a  higher  energy  than  the  Wenzel  state  may  be  found. 

The  energy  barrier  of  the  Cassie-Baxter  and  Wenzel  transition  can  be  estimated 
as  the  kinetic  energy  of  the  droplet.  The  kinetic  energy  of  a  droplet  of  radius  Ro, 
mass  m,  and  density  p  with  the  velocity  V  is  given  by 

Em=m^L  (20.31) 


20.5.3.2     Contact  Angle  Measurements 

In  order  to  study  the  effect  of  pitch  value  on  the  transition  from  Cassie-Baxter  to 
Wenzel  regime,  the  static  contact  angles  were  measured  on  the  micropatterned  Si 
coated  with  PF3,  and  the  data  are  plotted  as  a  function  of  pitch  between  the  pillars  in 
Fig.  20.36a  [30,  69,  75-77].  A  dotted  line  represents  the  transition  criteria  range 
obtained  using  (20.26).  The  flat  Si  coated  with  PF3  showed  a  static  contact  angle  of 
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Fig.  20.36    (a)  Static  contact 
angle  (a  dotted  line  represents 
the  transition  criteria  range 
obtained  using  (20.26)  and 
(b)  contact  angle  hysteresis 
and  tilt  angle  as  a  function  of 
geometric  parameters  for  two 
series  of  the  micropatterned 
surfaces  with  different  pitch 
values  for  a  droplet  with 
1  mm  in  radius  (5  uL 
volume).  Data  at  zero  pitch 
correspond  to  a  flat  sample 
[69,  75] 
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109°.  The  contact  angle  of  selected  micropattemed  surfaces  is  much  higher  than 
that  of  the  flat  surfaces.  It  first  increases  with  an  increase  in  the  pitch  values,  then 
drops  rapidly  to  a  value  slightly  higher  than  that  of  the  flat  surfaces.  In  the  first 
portion,  it  jumps  to  a  high  value  of  152°  corresponding  to  a  superhydrophobic 
surface  and  continues  to  increase  to  170°  at  a  pitch  of  45  um  in  series  1  and  126  urn 
in  series  2  because  open  air  space  increases  with  an  increase  in  pitch,  responsible 
for  propensity  of  air  pocket  formation.  The  sudden  drop  at  about  a  pitch  value 
of  50  urn  in  series  1  and  150  urn  in  series  2  corresponds  to  the  transition  from 
the  Cassie-Baxter  to  the  Wenzel  regime.  In  series  1,  the  value  predicted  from 
the  curvature  transition  criteria  (20.26)  is  a  little  higher  than  the  experimental 
observations.  However,  in  series  2,  there  is  a  good  agreement  between  the  experi- 
mental data  and  the  values  theoretically  predicted  by  Jung  and  Bhushan  [75-77]  for 
the  Cassie-Baxter  and  Wenzel  transition. 

Figure  20.36b  shows  contact  angle  hysteresis  and  tilt  angle  as  a  function  of  pitch 
between  the  pillars  [30,  69].  Both  angles  are  comparable.  The  flat  Si  coated  with 
PF3  showed  a  contact  angle  hysteresis  of  34°  and  tilt  angle  of  37°.  The  angle  first 
increases  with  an  increase  of  pitch  value,  which  has  to  do  with  pinning  of  the 
droplet  at  the  sharp  edges  of  the  micropillars.  Figure  20.37  shows  droplets  on 
micropattemed  Si  with  5-um  diameter  and  10-um  height  pillars  with  different 
pitch  values.  The  asymmetrical  shape  of  the  droplet  signifies  pinning.  The  pinning 
on  the  micropattemed  surfaces  can  be  observed  as  compared  to  the  flat  surface.  The 
micropattemed  surface  with  low  pitch  (7  urn)  has  more  pinning  than  the  micro- 
patterned  surface  with  high  pitch  (37.5  um),  because  the  micropattemed  surface 
with  low  pitch  has  more  sharp  edges  in  contact  with  a  droplet.  As  the  pitch 
increases,  there  is  a  higher  propensity  of  air  pocket  formation  and  fewer  numbers 
of  sharp  edges  per  unit  area,  which  is  responsible  for  sudden  drop  in  the  angle.  The 
lowest  contact  angle  hysteresis  and  tilt  angle  are  5°  and  3°,  respectively,  which  were 
observed  on  the  micropattemed  Si  with  45  um  of  series  1  and  126  um  of  series  2. 
Above  a  pitch  value  of  50  um  in  series  1  and  150  um  in  series  2,  the  angle  increases 
very  rapidly  because  of  transition  to  the  Wenzel  regime. 

These  results  suggest  that  air  pocket  formation  and  the  reduction  of  pinning  in 
the  micropattemed  surface  play  an  important  role  for  a  surface  with  both  low 
contact  angle  hysteresis  and  tilt  angle  [30,  69].  Hence,  to  create  superhydrophobic 
surfaces,  it  is  important  that  they  are  able  to  form  a  stable  composite  interface  with 
air  pockets  between  solid  and  liquid. 


20.5.3.3     Observation  of  Transition  During  the  Droplet  Evaporation 

In  order  to  study  the  effect  of  droplet  size  on  the  transition  from  a  composite  state 
to  a  wetted  state,  Jung  and  Bhushan  [75,  76]  performed  droplet  evaporation 
experiments  to  observe  the  Cassie-Baxter  and  Wenzel  transition  on  two  different 
micropattemed  Si  surfaces  coated  with  PF3.  The  series  of  four  images  in  Fig.  20.38 
show  the  successive  photos  of  a  droplet  evaporating  on  the  two  micropattemed 
surfaces.  The  initial  radius  of  the  droplet  was  about  700  urn,  and  the  time  interval 
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Fig.  20.37    Optical 
micrographs  of  droplets  on 
the  inclined  micropatterned 
surfaces  with  different  pitch 
values.  The  images  were 
taken  when  the  droplet  started 
to  move  down.  Data  at  zero 
pitch  correspond  to  a  flat 
sample  [69] 


Patterned  surfaces  with  5-um  diameter  and 
10-um  height  pillars  with  different  pitch  values 


75  |jm  pitch 


between  first  two  photos  was  180  s  and  between  the  latter  two  was  60  s.  In  the  first 
three  photos,  the  droplet  is  shown  in  a  Cassie-Baxter  state,  and  its  size  gradually 
decreases  with  time.  However,  as  the  radius  of  the  droplet  reached  360  um  on  the 
surface  with  5-um  diameter,  10-um  height,  and  37. 5-um  pitch  pillars,  and  423  um 
on  the  surface  with  14-um  diameter,  30-um  height,  and  105-um  pitch  pillars,  the 
transition  from  the  Cassie-Baxter  to  Wenzel  regime  occurred,  as  indicated  by  the 
arrow.  The  light  passes  below  the  first  droplet,  indicating  that  air  pockets  exist,  so 
that  the  droplet  is  in  the  Cassie-Baxter  state.  However,  an  air  pocket  is  not  visible 
below  the  last  droplet,  so  it  is  in  the  Wenzel  state.  This  could  result  from  an 
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Evaporation  of  a  droplet  on  patterned  surfaces 
5-^m  diameter,  10-pm  height,  and  37.5-|jm  pitch  pillars 


14-pm  diameter,  30-pm  height.and  105-um  pitch  pillars 


Fig.  20.38  Evaporation  of  a  droplet  on  two  different  micropatterned  surfaces.  The  initial  radius  of 
the  droplet  is  about  700  pm,  and  the  time  interval  between  first  two  photos  was  180  s  and  between 
the  latter  two  was  60  s.  As  the  radius  of  droplet  reaches  360  um  on  the  surface  with  5-pm  diameter, 
10-pm  height,  and  37. 5-pm  pitch  pillars,  and  420  pm  on  the  surface  with  14-pm  diameter,  30-pm 
height,  and  105-pm  pitch  pillars,  the  transition  from  the  Cassie-Baxter  regime  to  Wenzel  regime 
occurs,  as  indicated  by  the  arrow.  Before  the  transition,  air  pocket  is  clearly  visible  at  the 
bottom  area  of  the  droplet,  but  after  the  transition,  air  pocket  is  not  found  at  the  bottom  area  of 
the  droplet  [76] 


impalement  of  the  droplet  in  the  micropatterned  surface,  characterized  by  a  smaller 
contact  angle. 

To  find  the  contact  angle  before  and  after  the  transition,  the  values  of  the  contact 
angle  are  plotted  against  the  theoretically  predicted  value,  based  on  the  Wenzel 
[calculated  using  (20.6)]  and  Cassie-Baxter  (calculated  using  20.9)  models. 
Figure  20.39  shows  the  static  contact  angle  as  a  function  of  geometric  parameters 
for  the  experimental  contact  angles  before  (circle)  and  after  (triangle)  the  transition 
compared  to  the  Wenzel  and  Cassie-Baxter  equations  (solid  lines)  with  a  given 
value  of  9o  for  two  series  of  micropatterned  Si  with  different  pitch  values  coated 
with  PF3  [76].  The  fit  is  good  between  the  experimental  data  and  the  theoretically 
predicted  values  for  the  contact  angles  before  and  after  transition. 

To  prove  the  validity  of  the  transition  criteria  in  terms  of  droplet  size,  the  critical 
radius  of  a  droplet  deposited  on  the  micropatterned  Si  with  different  pitch 
values  coated  with  PF3  is  measured  during  the  evaporation  experiment  [75,  76]. 
Figure  20.40  shows  the  radius  of  a  droplet  as  a  function  of  geometric  parameters 
for  the  experimental  results  (circle)  compared  with  the  transition  criterion  (20.26) 
from  the  Cassie-Baxter  regime  to  Wenzel  regime  (solid  lines)  for  two  series  of 
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Fig.  20.39  Receding  contact  angle  as  a  function  of  geometric  parameters  before  (circle)  and  after 
(triangle)  transition  compared  with  predicted  static  contact  angle  values  obtained  using  the 
Wenzel  and  Cassie-Baxter  equations  (solid  lines)  with  a  given  value  of  90  for  two  series  of  the 
micropatterned  surfaces  with  different  pitch  values  [76] 


micropattemed  Si  with  different  pitch  values  coated  with  PF3.  It  is  found  that  the 
critical  radius  of  impalement  is  in  good  quantitative  agreement  with  our  predic- 
tions. The  critical  radius  of  the  droplet  increases  linearly  with  the  geometric 
parameter  (pitch).  For  the  surface  with  small  pitch,  the  critical  radius  of  droplet 
can  become  quite  small. 

To  verify  the  transition,  Jung  and  Bhushan  [75,  76]  used  another  approach  using 
dust  mixed  in  water.  Figure  20.41  presents  the  dust  trace  remaining  after  droplet 
with  1  mm  radius  (5  \iL  volume)  evaporation  on  the  two  micropatterned  Si  surfaces. 
As  shown  in  the  top  image,  after  the  transition  from  the  Cassie-Baxter  regime  to 
Wenzel  regime,  the  dust  particles  remained  not  only  at  the  top  of  the  pillars  but  also 
at  the  bottom  with  a  footprint  size  of  about  450  (.im.  However,  as  shown  in  the 
bottom  image,  the  dust  particles  remained  on  only  a  few  pillars  with  a  footprint  size 
of  about  25  |im  until  the  end  of  the  evaporation  process.  From  Fig.  20.40,  it  is 


20     Biomimetics  Inspired  Surfaces  for  Superhydrophobicity,  Self-cleaning 


611 


Transition  from  Cassie-Baxter  regime  to  Wenzel  regime 
5-um  diameter,  10-um  height  pillars 
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Fig.  20.40  Radius  of  droplet  as  a  function  of  geometric  parameters  for  the  experimental  results 
(circle)  compared  with  the  transition  criteria  from  the  Cassie-Baxter  regime  to  Wenzel  regime 
(solid  lines)  for  two  series  of  the  micropatterned  surfaces  with  different  pitch  values  [76] 

observed  that  the  transition  occurs  at  about  300  urn  radius  of  droplet  on  the  5-um 
diameter  and  10-p.m  height  pillars  with  37. 5-um  pitch,  but  the  transition  does  not 
occur  on  the  patterned  Si  surface  with  pitch  of  less  than  about  5  urn.  These 
experimental  observations  are  consistent  with  model  predictions.  In  the  literature, 
it  has  been  shown  that  on  superhydrophobic  natural  Lotus,  the  droplet  remains  in 
the  Cassie-Baxter  regime  during  the  evaporation  process  [224].  This  indicates  that 
the  distance  between  the  pillars  should  be  minimized  enough  to  improve  the  ability 
of  the  droplet  to  resist  sinking. 

20.5.3.4     Scaling  of  the  Cassie-Baxter  and  Wenzel  Transition 
for  Different  Series 


Nosonovsky  and  Bhushan  [31,  32,  62, 63, 79]  studied  the  data  for  the  Cassie-Baxter 
and  Wenzel  transition  with  the  two  series  of  surfaces  using  the  non-dimensional 
spacing  factor 
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Fig.  20.41    Dust  trace 
remained  after  droplet 
evaporation  for  the 
micropatterned  surface.  In  the 
top  image,  the  transition 
occurred  at  360  pm  radius  of 
droplet,  and  in  the  bottom 
image,  the  transition  occurred 
at  about  20  urn  radius  of 
droplet  during  the  process  of 
droplet  evaporation.  The 
footprint  size  is  about  450  and 
25  pm  for  the  top  and  bottom 
images,  respectively  [76] 
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The  values  of  the  droplet  radius  at  which  the  transition  occurs  during  the  evapora- 
tion plotted  against  the  spacing  factor  scale  well  for  the  two  series  of  the  experi- 
mental results,  yielding  virtually  the  same  straight  line.  Thus  the  two  series  of 
micropatterned  surfaces  scale  well  with  each  other,  and  the  transition  occurs  at  the 
same  value  of  the  spacing  factor  multiplied  by  the  droplet  radius  (Fig.  20.42a).  The 
physical  mechanism  leading  to  this  observation  remains  to  be  determined,  however, 
it  is  noted  that  this  mechanism  is  different  from  the  one  suggested  by  (20.26).  The 
observation  suggests  that  the  transition  is  a  linear  one-dimensional  (1-D)  phenom- 
enon and  that  neither  droplet  droop  (that  would  involve  P  IH)  nor  droplet  weight 
(that  would  involve  Rr )  are  responsible  for  the  transition,  but  rather  linear  geomet- 
ric relations  are  involved.  Note  that  the  experimental  values  approximately  corre- 
spond to  the  values  of  the  ratio  RDIP  —  50  urn,  or  the  total  area  of  the  pillar  tops 


under  the  droplet  (nD2/4)nR2/P2 


6,200  umz. 
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Fig.  20.42  (a)  Droplet  radius,  R,  for  the  Cassie-Baxter  and  Wenzel  transition  as  a  function  of 
PID  =  l/Sf.  It  is  observed  that  the  transition  takes  place  at  a  constant  value  of  RDIP  ~  50  um 
(dashed  line).  This  shows  that  the  transition  is  a  linear  phenomenon,  (b)  Contact  angle  hysteresis 
as  a  function  of  St  for  the  1  st  (squares)  and  2nd  (diamonds)  series  of  the  experiments  compared 


the    theoretically    predicted    values    of    cos  0adv 

i\2 


cos  9rec  =  (D//>)^(ji/4)(cos  9adv0 


with 

cos  Greco)  +  c(DIP)z,  where  c  is  a  proportionality  constant.  It  is  observed  that  when  only  the 
adhesion  hysteresis/interface  energy  term  is  considered  (c  =  0),  the  theoretical  values  are  under- 
estimated by  about  a  half,  whereas  c  =  0.5  provides  a  good  fit.  Therefore,  the  contribution  of  the 
adhesion  hysteresis  is  of  the  same  order  of  magnitude  as  the  contribution  kinetic  effects  [62] 


20.5.3.5     Contact  Angle  Hysteresis  and  Wetting/Dewetting  Asymmetry 


Contact  angle  hysteresis  can  be  viewed  as  a  result  of  two  factors  that  act  simulta- 
neously. First,  the  changing  contact  area  affects  the  contact  angle  hysteresis,  since  a 
certain  value  of  contact  angle  hysteresis  is  inherent  for  even  a  nominally  flat 
surface.  Decreasing  the  contact  area  by  increasing  the  pitch  between  the  pillars 
leads  to  a  proportional  decrease  of  the  contact  angle  hysteresis.  This  effect  is  clearly 
proportional  to  the  contact  area  between  the  solid  surface  and  the  liquid  droplet. 
Second,  the  edges  of  the  pillar  tops  prevent  the  motion  of  the  triple  line.  This 
roughness  effect  is  proportional  to  the  contact  line  density,  and  its  contribution  was, 
in  the  experiment,  comparable  with  the  contact  area  effect.  Interestingly,  the  effect 
of  the  edges  is  much  more  significant  for  the  advancing  than  for  the  receding 
contact  angle. 
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Nosonovsky  and  Bhushan  [31,  32,  62,  63,  79]  studied  the  wetting  of  two  series  of 
micropatterned  Si  surfaces  with  different  pitch  values  coated  with  PF3  based  on  the 
spacing  factor  (20.32).  They  found  that  the  contact  angle  hysteresis  involves  two 
terms  (Fig.  20.42b):  the  term  Sj  (7r/4)(cos  6adv0  —  cos  9reco)  corresponding  to  the 
adhesion  hysteresis  (which  is  found  even  at  a  nominally  flat  surface  and  is  a  result 
of  molecular-scale  imperfectness),  and  the  term  H,  oc  D/P2  corresponding  to 
microscale  roughness  and  proportional  to  the  edge  line  density.  Thus  the  contact 
angle  hysteresis  is  given,  based  on  (20.18  and  20.32),  by  using  Rf  =  1  + 1^-  and 

/la  =  l-^=l-/st  [61,  70] 

COS  0c,dv  —  COS  Grec  =  -5? (COS  BadvO  —  cos  &recO)  +  Hr  (20.33) 

4  J 

Besides  the  contact  angle  hysteresis,  the  asymmetry  of  the  Wenzel  and  Cassie- 
Baxter  states  is  the  result  of  the  wetting/dewetting  asymmetry.  While  the  fragile 
metastable  Cassie-Baxter  state  is  often  observed,  as  well  as  its  transition  to  the 
Wenzel  state,  the  opposite  transition  never  happens.  Using  (20.24  and  20.25), 
the  contact  angle  with  micropatterned  surfaces  is  given  by  [61,  70] 

cos  0  =  ( 1  +  2nSJ)  cos  00     (Wenzel  state)  (20.34) 

cos  0  =  -S2(cos  60  +  1)  -  1     (Cassie-Baxter state)  (20.35) 

4  J 

For  a  perfect  macroscale  system,  the  transition  between  the  Wenzel  and  Cassie- 
Baxter  states  should  occur  only  at  the  intersection  of  the  two  regimes  (the  point 
at  which  the  contact  angle  and  net  energies  of  the  two  regimes  are  equal, 
corresponding  to  S/=  0.51).  It  is  observed,  however,  that  the  transition  from  the 
metastable  Cassie-Baxter  to  stable  Wenzel  occurs  at  much  lower  values  of  the 
spacing  factor  0.083  <  Sf  <  0.111.  As  shown  in  Fig.  20.43a,  the  stable  Wenzel 
state  (i)  can  transform  into  the  stable  Cassie-Baxter  state  with  increasing  Sf  (ii).  The 
metastable  Cassie-Baxter  state  (iii)  can  abruptly  transform  (iv)  into  the  stable 
Wenzel  state  (i).  The  transition  point  (i-ii)  corresponds  to  equal  free  energies  in 
the  Wenzel  and  Cassie-Baxter  states.  Whereas  the  transition  (iv)  corresponds  to  the 
Wenzel  energy  much  lower  than  the  Cassie-Baxter  energy  and  thus  involves 
significant  energy  dissipation  and  is  irreversible  [62].  The  solid  and  dashed  straight 
lines  correspond  to  the  values  of  the  contact  angle,  calculated  from  (20.34-20.35) 
using  the  contact  angle  for  a  nominally  flat  surface,  Go  =  109°.  The  two  series  of 
the  experimental  data  are  shown  with  squares  and  diamonds. 

Figure  20.43b  shows  the  values  of  the  advancing  contact  angle  plotted  against 
the  spacing  factor  (20.32).  The  solid  and  dashed  straight  lines  correspond  to  the 
values  of  the  contact  angle  for  the  Wenzel  and  Cassie-Baxter  states,  calculated 
from  (20.34-20.35)  using  the  advancing  contact  angle  for  a  nominally  flat  surface, 
^advo  =116°  [62].  It  is  observed  that  the  calculated  values  underestimate  the 
advancing  contact  angle,  especially  for  big  Sf  (small  distance  between  the  pillars 
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Fig.  20.43  Theoretical  (solid  and  dashed)  and  experimental  (squares  for  the  1st  series,  diamonds 
for  the  2nd  series)  (a)  contact  angle  as  a  function  of  the  spacing  factor,  (b)  advancing  contact 
angle,  and  (c)  receding  contact  angle  and  values  of  the  contact  angle  observed  after  the  transition 
during  evaporation  (blue)  [62] 


or  pitch  P).  This  is  understandable,  because  the  calculation  takes  into  account 
only  the  effect  of  the  contact  area  and  ignores  the  effect  of  roughness  and  edge 
line  density  [it  corresponds  to  H,  =  0  in  (20.33)],  while  this  effect  is  more 
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pronounced  for  high  pillar  density  (big  Sf).  In  a  similar  manner,  the  contact  angle  is 
underestimated  for  the  Wenzel  state,  since  the  pillars  constitute  a  barrier  for  the 
advancing  droplet. 

Figure  20.43c  shows  the  values  of  the  contact  angle  after  the  transition  took 
place  (squares  and  diamonds),  as  it  was  observed  during  evaporation  [62].  For  both 
series,  the  values  almost  coincide.  For  comparison,  the  values  of  the  receding 
contact  angle  measured  for  millimeter-sized  water  droplets  are  also  shown  (squares 
and  diamonds),  since  evaporation  constitutes  removing  liquid,  and  thus  the  contact 
angle  during  evaporation  should  be  compared  with  the  receding  contact  angle.  The 
solid  and  dashed  straight  lines  correspond  to  the  values  of  the  contact  angle, 
calculated  from  (20.34-20.35)  using  the  receding  contact  angle  for  a  nominally 
flat  surface,  6rec0  =  82°.  Figure  20.43c  demonstrates  a  good  agreement  between  the 
experimental  data  and  (20.34-20.35). 

In  the  analysis  of  the  evaporation  data  of  micropatterned  surfaces,  Noso- 
novsky  and  Bhushan  [32]  found  several  effects  specific  for  the  multiscale 
character  of  this  process.  First,  they  discussed  the  applicability  of  the  Wenzel 
and  Cassie-Baxter  equations  for  average  surface  roughness  and  heterogeneity. 
These  equations  relate  the  local  contact  angle  with  the  apparent  contact  angle  of 
a  rough/heterogeneous  surface.  However,  it  is  not  obvious  what  should  be  the 
size  of  roughness/heterogeneity  averaging,  since  the  triple  line  at  which  the 
contact  angle  is  defined  has  two  very  different  length  scales:  its  width  is  of 
molecular  size  scale  while  its  length  is  on  the  order  of  the  size  of  the  droplet 
(that  is,  microns  or  millimeters).  They  presented  an  argument  that  in  order  for 
the  averaging  to  be  valid,  the  roughness  details  should  be  small  compared  to  the 
size  of  the  droplet  (and  not  the  molecular  size).  They  showed  that  while  for 
uniform  roughness/heterogeneity  the  Wenzel  and  Cassie-Baxter  equations 
can  be  applied,  for  a  more  complicated  case  of  non-uniform  heterogeneity,  the 
generalized  equations  should  be  used.  The  proposed  generalized  Cassie-Baxter 
and  Wenzel  equations  are  consistent  with  a  broad  range  of  available  experimen- 
tal data.  The  generalized  equations  are  valid  both  in  the  cases  when  the  classical 
Wenzel  and  Cassie-Baxter  equations  can  be  applied  as  well  as  in  the  cases  when 
the  later  fail. 

The  macroscale  contact  angle  hysteresis  and  Cassie-Baxter  and  Wenzel  transi- 
tion cannot  be  determined  from  the  macroscale  equations  and  are  governed  by 
micro-  and  nanoscale  effects,  so  wetting  is  a  multiscale  phenomenon  [31,  32,  62, 
63,  79].  The  kinetic  effects  associated  with  contact  angle  hysteresis  should  be 
studied  at  the  microscale,  whereas  the  effects  of  adhesion  hysteresis  and  the 
Cassie-Baxter  and  Wenzel  transition  involve  processes  at  the  nanoscale.  Their 
theoretical  arguments  are  supported  by  the  experimental  data  on  micropatterned 
surfaces.  The  experimental  study  of  the  contact  angle  hysteresis  demonstrates  that 
two  different  processes  are  involved:  the  changing  solid-liquid  area  of  contact  and 
pinning  of  the  triple  line.  The  latter  effect  is  more  significant  for  the  advancing  than 
for  the  receding  contact  angle.  The  transition  between  wetting  states  was  observed 
for  evaporating  microdroplets,  and  droplet  radius  scales  well  with  the  geometric 
parameters  of  the  micropattern. 
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Jung  and  Bhushan  [77]  performed  bouncing  droplet  experiments  to  observe  how 
impact  velocity  influences  the  Cassie-Baxter  and  Wenzel  transition  during  the 
droplet  hitting  the  surface  on  two  different  micropatterned  Si  surfaces  with  PF3. 
Figure  20.44  shows  snapshots  of  a  droplet  with  1  mm  radius  hitting  the  surfaces. 
The  impact  velocity  was  obtained  just  prior  to  the  droplet  hitting  the  surface.  As 
shown  in  images  in  the  first  row  for  the  two  sets  of  surfaces,  the  droplet  hitting  the 
surface  under  an  impact  velocity  of  0.44  m/s  first  deformed  and  then  retracted,  and 


Dynamic  effects  of  a  droplet  on  micropatterned  surfaces 
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Fig.  20.44  Snapshots  of  a  droplet  with  1  mm  radius  hitting  on  two  different  micropatterned 
surfaces.  The  impact  velocity  was  obtained  just  prior  to  the  droplet  hitting  the  surface.  The  pinning 
of  droplet  on  the  surface  with  5-um  diameter,  10-um  height  and  10-um  pitch  pillars,  and  on  the 
surface  with  14-pm  diameter,  30-pm  height  and  26-pm  pitch  pillars  occurred  at  impact  velocity  of 
0.88  m/s  and  0.76  m/s,  respectively  [77] 
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bounced  off  the  surface.  Finally,  the  droplet  sat  on  the  surface  and  had  a  high 
contact  angle,  which  suggests  the  formation  of  a  solid-air-liquid  interface.  Next, 
they  repeated  the  impact  experiment  by  increasing  the  impact  velocity.  The  bounce 
off  does  not  occur,  and  the  wetting  of  the  surface  (and  possibly  pinning  of  droplet) 
occurred  at  an  impact  velocity  of  0.88  m/s  and  0.76  m/s,  respectively,  referred 
to  as  the  critical  velocity  (described  earlier).  The  second  row  of  the  two  sets  of 
images  shows  the  images  of  the  droplet  at  the  critical  velocity.  After  the  droplet 
hit  the  surface,  it  wetted  the  surface  (possibly  the  droplet  was  also  pinned)  after 
the  deformation  of  the  droplet.  This  is  because  air  pockets  do  not  exist  below  the 
droplet  as  a  result  of  droplet  impalement  by  the  pillars,  characterized  by  a  smaller 
contact  angle.  These  observations  indicate  the  transition  from  a  Cassie-Baxter  to  a 
Wenzel  regime. 

To  identify  whether  one  is  in  a  Wenzel  regime  or  a  Cassie-Baxter  regime,  the 
contact  angle  data  in  the  static  condition  and  after  bounce  off  were  plotted  [77]. 
Figure  20.45  shows  the  measured  static  contact  angle  as  a  function  of  geometric 
parameters  for  the  droplet  with  1  mm  radius  gently  deposited  on  the  surface 
(circles)  and  for  the  droplet  with  1  mm  radius  after  hitting  the  surface  at  0.44  m/s 
(triangles).  The  data  are  compared  with  predicted  static  contact  angle  values 
obtained  using  the  Wenzel  and  the  Cassie-Baxter  equations  (solid  lines)  with  a 
given  value  of  60  (109°)  for  a  smooth  surface  for  two  series  of  the  micropatterned 
surfaces.  In  the  case  of  the  droplet  gently  deposited  on  the  surface,  as  the  pitch 
increases  up  to  45  urn  of  series  1  and  126  um  of  series  2,  the  static  contact  angle  first 
increases  gradually  from  152°  to  170°.  Then,  the  contact  angle  starts  decreasing 
sharply.  The  increase  in  the  contact  angle  occurs  because  of  an  increase  in  the 
roughness  factor  and  the  formation  of  composite  surface  [69].  The  decrease  in 
contact  angle  at  pitch  values  higher  than  60  um  for  series  1  and  168  urn  for  series 
2  occurs  due  to  the  transition  from  composite  interface  to  solid-liquid  interface.  In 
the  case  of  the  droplet  hitting  the  surface  at  0.44  m/s,  it  is  shown  that  the  liquid-air 
interface  can  easily  be  destabilized  due  to  dynamic  impact  on  the  surface  with  a 
pitch  value  higher  than  12.5  um  for  series  1  and  70  um  for  series  2,  although  the 
droplet  is  in  the  Cassie-Baxter  regime  when  it  is  gently  deposited  on  the  surface. 
The  static  contact  angle  of  the  droplet  after  hitting  at  0.44  m/s  is  lower  than  that  of 
the  droplet  gently  deposited.  It  can  be  interpreted  that  after  hitting,  the  droplet 
contacts  the  bottom  of  the  cavities  between  pillars  and  pushes  out  the  entrapped  air 
under  the  droplet,  resulting  in  an  abrupt  increase  of  the  solid-liquid  surface  area  by 
dynamic  impact.  It  will  be  shown  in  the  following  paragraph  that  the  critical 
velocity  at  which  wetting  occurs  for  series  1  and  series  2  samples  is  equal  to 
about  0.44  m/s  at  pitch  values  lager  than  12.5  um  and  70  um  respectively.  Thus, 
wetting  at  the  velocity  used  here  is  expected. 

To  study  the  validity  of  the  transition  criterion  (20.29),  the  critical  impact 
velocity  at  which  wetting  of  the  surface  (possibly  pinning  of  droplet)  occurs  was 
measured  [77].  For  calculations,  the  surface  tension  of  the  water-air  interface 
(y)  was  taken  at  0.073  N/m,  the  mass  density  (p)  is  1,000  kg/m3  for  water,  and 
1  kg-m/s2  =  1  N  [22].  Figure  20.46  shows  the  measured  critical  impact  velocity 
of  a  droplet  with  1  mm  radius  as  a  function  of  geometric  parameters  (triangles). 
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Fig.  20.45  Measured  static  contact  angle  as  a  function  of  geometric  parameters  for  the  droplet 
with  1  mm  radius  gently  deposited  on  the  surface  (circles)  and  for  the  droplet  with  1  mm  radius 
after  hitting  the  surface  at  0.44  m/s  (triangles).  The  data  are  compared  with  predicted  static  contact 
angle  values  obtained  using  Wenzel  and  Cassie-Baxter  equations  (solid  lines)  with  a  given  value 
of  60  (109°)  for  a  smooth  surface  for  two  series  of  the  micropatterned  Si  with  different  pitch 
values  [77]. 


The  trends  are  compared  with  the  predicted  curve  (solid  lines).  It  is  found  that  the 
critical  impact  velocity  at  which  wetting  occurs  is  in  good  quantitative  agreement 
with  our  predictions.  The  critical  impact  velocity  of  the  droplet  decreases  with  the 
geometric  parameter  (pitch).  For  the  surface  with  small  pitch,  the  critical  impact 
velocity  of  droplet  can  be  large. 

The  energy  barrier  of  the  Cassie-Baxter  and  Wenzel  transition  can  be  estimated 
as  the  kinetic  energy  of  the  droplets  [81].  Figure  20.47  shows  the  dependence  of  the 
kinetic  energy  corresponding  to  the  transition,  £kin,  on  A£/(A0cos  90)  calculated 
from  (20.30).  It  is  observed  that  the  dependence  is  close  to  linear,  however,  the 
series  of  smaller  pillars  has  larger  energies  of  transition.  The  value  of  A0  is  in  the 
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Fig.  20.46  Measured  critical  impact  velocity  of  droplet  with  1  mm  radius  as  a  function  of 
geometric  parameters  (triangles).  The  data  are  compared  with  the  criterion  of  impact  velocity 
for  the  pinning  of  droplet  (solid  lines)  for  two  series  of  the  micropatterned  Si  with  different  pitch 
values  [77] 


Fig.  20.47    Bouncing 
droplets  dependency  of  the 
kinetic  energy  of  a  droplet 
corresponding  to  the  regime 
transition  upon  the  energy 
barrier  calculated  from 
(20.30)  (squares  for  series  1 
and  diamonds  for  series  2). 
The  fit  (solid  line)  is  shown 
forA0  =  0.12  mm2  [81] 
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range  0.1 1  mm2  <  A0  <  0.18  mm2  for  series  1  and  0.05  mm2  <  A0  <  0.1 1  mm2  for 
series  2,  which  is  of  the  same  order  as  the  actual  area  under  the  droplet. 

These  results  suggest  that  the  energy  barrier  for  the  Cassie-Baxter  and  Wenzel 
transition  is  given  by  (20.30)  and  is  proportional  to  the  area  under  the  droplet  [81]. 
For  droplets  sitting  on  the  surface  or  evaporating,  the  transition  takes  place  when 
the  size  of  the  barrier  decreases  to  the  value  of  the  vibrational  energy,  U.  The 
vibrational  energy  of  the  droplet  is  the  energy  associated  with  the  vibration  of 
the  droplet  due  to  surface  waves,  thermal  vibration  etc.  Assuming  U  =  const,  the 
proportionality  of  PID  and  R  suggests  that  the  energy  barrier  is  proportional  to 
the  RDIP.  This  is  indeed  true,  since  the  area  under  the  droplet  Aq  =  n(Rsin  0)  . 
Substitutiong  sin20  =  0.1,  cos  60  =  cos  109°  =  -0.33,  yLA  =  0.072  J/m2  in 
(20.30)  and  taking  the  observed  value  RDIP  =  50  urn  yields  an  estimated  value 
of  the  vibrational  energy  U  =  1.2  x  10_1 '  J.  The  transition  happens  because  the 
size  of  the  droplet  is  decreased  or  because  the  pitch  between  the  pillars  that  cover 
the  surface  is  increased.  A  different  way  to  overcome  the  barrier  is  to  hit  the  surface 
with  a  droplet  with  a  certain  kinetic  energy. 

Based  on  Nosonovsky  and  Bhushan  [81],  the  vibrational  energy  U  also  plays  a 
role  in  overcoming  energy  barriers  that  lead  to  contact  angle  hysteresis  during 
liquid  flow  [51].  To  estimate  the  effect  of  the  energy  barriers  on  contact  angle 
hysteresis,  we  assume,  based  on  (20.5),  that  the  difference  between  the  advancing 
and  receding  contact  angle  is  given  by 

cos  6iec  —  cos  0adv  =  AW/yLA  (20.36) 

where  AW  corresponds  to  the  energy  barrier  associated  with  the  wetting-dewetting 
cycle.  Assuming  that  this  energy  barrier  is  of  the  same  order  as  the  vibrational 
energy  per  contact  area,  AW  =  U/AQ,  and  taking  AQ  —  0. 1  mm2,  we  end  up  with 
AW  =  10"3  J/m2.  For  water  (yLA  =  0.072  J/m2),  (20.36)  leads  to  a  realistic  value 
of  hysteresis  on  a  superhydrophobic  surface  cos  6rec  -  cos  6adv  =  0.014.  This 
number  provides  an  estimate  for  contact  angle  hysteresis  in  the  limit  of  small 
energy  barriers  comparable  with  U.  The  actual  values  for  a  micropatterned  surface 
are  dependent  upon  the  solid-liquid  contact  area  (that  provides  energy  barriers  due 
to  so-called  adhesion  hysteresis)  and  the  density  of  the  solid-air-liquid  contact  line 
(that  provides  additional  pinning)  and  were  found  to  be  between  0.0144  and  0.440 
[70],  thus  showing  a  good  agreement  with  the  value  calculated  based  on  U  as  the 
lower  limit.  This  indicates  that  the  value  of  U  is  relevant  both  for  the  Cassie-Baxter 
and  Wenzel  regime  transition  and  contact  angle  hysteresis. 


20.5.3.7     Observation  and  Measurement  of  Contact  Angle  Using  ESEM 

Figure  20.48  shows  how  water  droplets  grow  and  merge  in  an  ESEM  [76]  that  was 
used  as  a  contact  angle  analysis  tool.  Microdroplets  (with  a  diameter  less  than 
1  mm)  were  distributed  on  a  micropatterned  surface  coated  with  PF3  using  conden- 
sation by  decreasing  temperature.  At  the  beginning,  some  small  water  droplets 
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Fig.  20.48  Microdroplet  (in  dimension  of  less  than  1  mm  diameter)  growing  and  merging  process 
under  ESEM  during  increasing  condensation  by  decreasing  temperature.  Left  image:  Some  small 
water  droplets  appear  at  the  beginning,  i.e.  water  droplets  1,  2,  3.  Middle  image:  Water  droplets  at 
locations  1  and  3  increase  in  size  and  water  droplets  at  location  2  merge  together  to  form  one  big 
droplet.  Right  image:  Water  droplets  at  locations  1  and  2  increase  in  size  and  water  droplets  at 
location  3  merge  together  to  form  one  big  droplet  [76] 


appeared,  i.e,  water  droplets  at  locations  1,  2  and  3  in  the  left  image.  During  further 
condensation  with  decreasing  temperature,  droplets  at  locations  1  and  3  gradually 
grew  while  droplets  at  location  2  merged  together.  With  further  condensation, 
droplets  at  locations  1  and  2  gradually  grew  while  droplets  at  location  3  merged 
together  into  one  big  droplet  in  the  right  image.  In  all  cases,  condensation  was 
initiated  at  the  bottom,  therefore,  the  droplets  were  in  the  Wenzel  regime. 

Compared  with  the  conventional  contact  angle  measurement,  ESEM  is  able  to 
provide  detailed  information  about  the  contact  angle  of  microdroplets  on  micro- 
patterned  surfaces.  The  diameter  of  the  water  droplets  used  for  the  contact  angle 
measurement  was  10  urn,  so  that  the  size  limit  pointed  out  by  Stelmashenko  et  al. 
[94]  was  avoided.  For  droplet  size  smaller  than  1  urn,  substrate  backscattering  can 
distort  the  intensity  profile  such  that  the  images  are  inaccurate. 

As  shown  in  Fig.  20.49,  the  static  contact  angle  and  contact  angle  hysteresis  of 
the  microdroplets  on  flat  and  micropatterned  surfaces  were  obtained  from  the 
images  using  the  methodology  described  earlier.  Once  the  microdroplet 's  conden- 
sation and  evaporation  has  reached  a  dynamic  equilibrium,  static  contact  angles 
were  determined.  The  flat  Si  coated  with  PF3  showed  a  static  contact  angle  of  98°. 
The  micropatterned  surfaces  coated  with  PF3  increase  the  static  contact  angle 
compared  to  the  flat  surface  coated  with  PF3  due  to  the  effect  of  roughness. 
Advancing  and  receding  contact  angles  were  measured  during  condensation/evap- 
oration with  decreasing/increasing  the  temperature  of  the  cooling  stage,  and  the 
contact  angle  hysteresis  was  then  calculated  [76]. 

Figure  20.50  shows  contact  angle  hysteresis  as  a  function  of  geometric  para- 
meters for  the  microdroplets  formed  in  the  ESEM  (triangles)  for  two  series  of 
micropatterned  Si  with  different  pitch  values  coated  with  PF3.  Data  at  zero  pitch 
correspond  to  a  flat  Si  sample.  The  droplets  with  about  20  urn  radii,  which  are  larger 
than  the  pitch,  were  selected  in  order  to  look  at  the  effect  of  pillars  in  contact 
with  the  droplet.  These  data  were  compared  with  conventional  contact  angle 
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Contact  angles  on  flat  and  patterned  surfaces  in  an  ESEM 

Increasing  condensation  Increasing  evaporation 

Flat 


Static  contact  angle  (98°)  Advancing  contact  angle  (101°)  Receding  contact  angle  (95°) 

5-f.im  diameter,  10-^m  height,  and  12.5-^m  pitch  pillars 


Static  contact  angle  (129°)  Advancing  contact  angle  (132°)  Receding  contact  angle  (127°) 

14-[im  diameter,  30-^m  height,  and  26-^im  pitch  pillars 


Static  contact  angle  (126°} 


Advancing  contact  angle  (130°) 


Receding  contact  angle  (114°) 


Fig.  20.49  Microdroplets  on  flat  and  two  micropattemed  surfaces  using  ESEM.  Second  set  of 
images  were  taken  during  increasing  condensation,  and  the  third  set  of  images  were  taken  during 
increasing  evaporation.  Static  contact  angle  was  measured  when  the  droplet  was  stable.  Advancing 
contact  angle  was  measured  after  increasing  condensation  by  decreasing  the  temperature  of  the 
cooling  stage.  Receding  contact  angle  was  measured  after  decreasing  evaporation  by  increasing 
the  temperature  of  the  cooling  stage  [76] 


measurements  with  the  droplet  with  1  mm  radius  (5  \iL  volume)  (circle  and  solid 
lines)  [69].  When  the  distance  between  pillars  increases  above  a  certain  value,  the 
contact  area  between  the  micropattemed  surface  and  the  droplet  decreases,  result- 
ing in  a  decrease  of  the  contact  angle  hysteresis.  Both  droplets  with  1  mm  and 
20  urn  radii  showed  the  same  trend.  The  contact  angle  hysteresis  for  the  micro- 
patterned  surfaces  with  low  pitch  are  higher  compared  to  the  flat  surface  due  to  the 
effect  of  sharp  edges  on  the  pillars,  resulting  in  pinning  [66].  Contact  angle 
hysteresis  for  a  flat  surface  can  arise  from  roughness  and  surface  heterogeneity. 
For  a  droplet  advancing  forward  on  the  micropattemed  surfaces,  the  line  of  contact 
of  the  solid,  liquid,  and  air  will  be  pinned  at  the  edge  point  until  it  is  able  to  move, 
resulting  in  increasing  contact  angle  hysteresis.  The  contact  angle  hysteresis  for  the 
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Contact  angle  hysteresis  data  on  patterned  surfaces 


5-  p  m  d  iameter,  1 O-jjm  he  ight  pi|  la  rs 


-a-  Droptel  with  1  mm  radius 
A    Drop-let  with  20  pm  radius 


100 


150 


4-pm  diameter,  30-pm  height  pillars 

-e-  Dioplel  wild  l  mm  radius 
&    Droplet  with  20  pm  radius 


50  100 

Pitch  (urn) 


150 


Fig.  20.50  Contact  angle  hysteresis  as  a  function  of  geometric  parameters  for  the  microdroplet 
with  about  20  urn  radius  from  ESEM  (triangle)  compared  with  the  droplet  with  1  mm  radius  (5  uL 
volume)  (circle  and  solid  lines)  for  two  series  of  the  micropatterned  surfaces  with  different  pitch 
values.  Data  at  zero  pitch  correspond  to  a  flat  sample  [76] 

microdroplet  from  ESEM  is  lower  as  compared  to  that  for  the  droplet  with  1  mm 
radius.  The  difference  of  contact  angle  hysteresis  between  a  microdroplet  and  a 
droplet  with  1  mm  radius  could  come  from  the  different  pinning  effects,  because 
the  latter  has  more  sharp  edges  in  contact  with  a  droplet  compared  to  the  former. 
The  results  show  how  droplet  size  can  affect  the  wetting  properties  of  micropat- 
terned Si  surfaces  [76]. 


20.5.4    Ideal  Surfaces  with  Hierarchical  Structure 


It  has  been  reported  earlier  that  a  hierarchical  surface  is  needed  to  develop  a 
composite  interface  with  high  stability.  The  structure  of  an  ideal  hierarchical 
surface  is  shown  in  Fig.  20.51.  The  asperities  should  be  high  enough  so  that 
the  droplet  does  not  touch  the  valleys.  As  an  example,  for  a  structure  with 
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Fig.  20.51  Schematic  of  structure  of  an  ideal  hierarchical  surface.  Microasperities  consist  of  the 
circular  pillars  with  diameter  D,  height  H,  and  pitch  P.  Nanoasperities  consist  of  pyramidal 
nanoasperities  of  height  h  and  diameter  d  with  rounded  tops 

circular  pillars,  the  following  relationship  should  hold  for  a  composite  interface; 
(V2P  —  D)  /R  <  H,  (20.26).  As  an  example,  for  a  droplet  with  a  radius  on  the  order 
of  1  mm  or  larger,  a  value  of  H  on  the  order  of  30  urn,  D  on  the  order  of  15  um,  a 
P  on  the  order  of  130  um  (Fig.  20.36)  is  optimum.  Nanoasperities  can  pin  the 
liquid-air  interface  and  thus  prevent  liquid  from  filling  the  valleys  between  aspe- 
rities. They  are  also  required  to  support  nanodroplets,  which  may  condense  in  the 
valleys  between  large  asperities.  Therefore,  nanoasperities  should  have  a  small 
pitch  to  handle  nanodroplets,  less  than  1  mm  down  to  few  nm  radius.  The  values  of 
h  on  the  order  of  10  nm  and  d  on  the  order  of  100  nm  can  be  easily  fabricated. 


20.5.5    Hierarchical  Structured  Surfaces  with  Wax  Platelets 
and  Tubules 


A  hierarchical  structure  is  composed  of  at  least  two  levels  of  structuring  in  different 
length  scales.  Bhushan  et  al.  [71-74]  and  Koch  et  al.  [44]  fabricated  surfaces  with  a 
hierarchical  structure  with  micropatterned  epoxy  replicas  and  Lotus  leaf  micro- 
structure,  and  created  a  second  level  of  structuring  with  wax  platelets  and  wax 
tubules.  Platelets  and  tubules  are  the  most  common  wax  morphologies  found  in 
plant  surfaces  and  exist  on  superhydrophobic  leaves,  such  as  Lotus  and  Colocasia 
esculenta  leaves.  The  structures  developed  mimic  the  hierarchical  structures  of 
superhydrophobic  leaves.  Two  steps  of  the  fabrication  process  include  the  produc- 
tion of  microstructured  surfaces  by  soft  lithography  and  the  subsequent  develop- 
ment of  nanostructures  on  top  by  self  assembly  of  plant  waxes  and  artificial  wax 
components. 

A  two-step  molding  process  was  used  to  fabricate  several  structurally  identical 
copies  of  micropatterned  Si  surface  and  Lotus  leaves.  The  technique  used  is  a  fast, 
precise,  and  low  cost  molding  process  for  biological  and  artificial  surfaces  [225, 
226].  The  technique  was  used  to  mold  a  microstructured  Si  surface  with  pillars 
of  14  urn  diameter  and  30  urn  height  with  23  um  pitch  [44,  71-74],  fabricated 
by  photolithography  [143].  Before  replication  of  the  Lotus  leaf,  the  epicuticular 
wax  tubules  were  removed  in  areas  of  approximately  6  cm2.  For  this  purpose, 
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a  two-component  fast  hardening  glue  was  applied  on  the  upper  side  of  the  leaves 
and  was  carefully  pressed  onto  the  leaf.  After  hardening,  the  glue  with  the  embed- 
ded waxes  was  removed  from  the  leaf,  and  the  procedure  was  repeated  [44]. 

The  replication  is  a  two  step  molding  process,  in  which  first  a  negative  replica  of 
a  template  is  generated  and  then  a  positive  replica  is  generated,  as  shown  in 
Fig.  20.52a  [74],  A  polyvinylsiloxane  dental  wax  (President  Light  Body*  Gel, 
ISO  4823,  Polyvinylsiloxan  (PLB),  Coltene  Whaledent,  Hamburg,  Germany)  was 
applied  via  a  dispenser  on  the  surface  to  the  surface  and  immediately  pressed  down 

a  Two-step  molding  process 


rwww™ 
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Apply  dental  wax 


! 


Apply  epoxy  resin 


^^^L^ 
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After  hardening, 
separate  negative 
from  template 


rvwwwvi 
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After  hardening, 
separate  positive 
from  negative 


3 


Negative  molding  process  Positive  molding  process 

b  Master  of  micropatterned  Si  surface 


Positive  replica  of  micropatterned  Si  surface 


Fig.  20.52  (a)  Schematic  of  two-step  molding  process  used  to  fabricate  microstructure,  in  which 
at  first  a  negative  is  generated  and  then  a  positive,  and  (b)  SEM  micrographs  of  the  master  of 
micropatterned  Si  surface  and  positive  replica  fabricated  from  the  master  surface  measured  at  45° 
tilt  angle  (shown  using  two  magnifications)  [74] 
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with  a  glass  plate.  After  complete  hardening  of  the  molding  mass  (at  room  temper- 
ature for  approximately  5  min  at  room  temperature),  the  silicon  master  surface 
and  the  mold  (negative)  were  separated.  After  a  relaxation  time  of  30  min  for  the 
molding  material,  the  negative  replicas  were  filled  with  a  liquid  epoxy  resin 
(Epoxydharz  L®,  No.  236349,  Conrad  Electronics,  Hirschau,  Germany)  with  hard- 
ener (Harter  S,  Nr  236365,  Conrad  Electronics,  Hirschau,  Germany).  Specimens 
with  microstructures  were  immediately  transferred  to  a  vacuum  chamber  at 
750  mTorr  (100  Pa)  pressure  for  10  s  to  remove  trapped  air  and  to  increase  resin 
infiltration  through  the  structures.  After  hardening  at  room  temperature  (24  h  at 
22°C),  the  positive  replica  was  separated  from  the  negative  replica.  The  second  step 
can  be  repeated  to  generate  a  number  of  replicas.  The  pillars  of  the  master  surface 
have  been  replicated  without  any  morphological  changes  as  shown  in  Fig.  20.52b 
[74].  The  nanogrooves  of  a  couple  of  hundred  nm  in  lateral  dimension  present  on 
the  pillars  of  master  surface  are  shown  to  reproduce  faithfully  in  the  replica. 

Bhushan  et  al.  [71-74]  and  Koch  et  al.  [44]  created  a  nanostructure  by  self 
assembly  of  synthetic  and  plant  waxes  deposited  by  thermal  evaporation.  The 
alkane  w-hexatriacontane  (C36H74)  has  been  used  for  the  development  of  platelet 
nanostructures.  Tubule  forming  waxes  which  were  isolated  from  leaves  of  Tro- 
paeolum  majus  (L.)  and  Nelumbo  nucifera,  in  the  following  referred  to  as  T.  majus 
and  Lotus,  were  used  to  create  tubule  structures.  The  chemical  structure  of  the  major 
components  of  the  wax  forming  tubule  and  alkane  w-hexatriacontane  are  shown  in 
Table  20.8.  The  complete  chemistry  of  the  plant  waxes  used  is  presented  in  Koch 
et  al.  [161].  For  a  homogenous  deposition  of  the  waxes  and  alkane,  a  thermal 
evaporation  system,  as  shown  in  Fig.  20.53,  has  been  used  [74].  Specimens  of 
smooth  surfaces  (flat  silicon  replicas)  and  microstructured  replicas  were  placed  in 
a  vacuum  chamber  at  30  mTorr  (4  kPa),  20  mm  above  a  heating  plate  loaded  with 
waxes  of  «-hexatriacontane  (300,  500  or  1,000  ug),  T.  majus  wax  (500,  1,000,  1,500 
or  2,000  ug),  and  Lotus  wax  (2,000  ug)  [44,  71-74].  The  wax  was  evaporated  by 
heating  it  up  to  120°C.  In  a  vacuum  chamber  the  evaporation  from  the  point  source  to 
the  substrate  occurs  in  a  straight  line;  thus,  the  amount  of  sublimated  material  is 
equal  in  a  hemispherical  region  over  the  point  of  source  [227].  In  order  to  estimate 
the  amount  of  sublimated  mass,  the  surface  area  of  the  half  sphere  was  calculated  by 
using  the  formula  27ir2,  whereby  the  radius  (r)  represents  the  distance  between  the 
specimen  to  be  covered  and  the  heating  plate  with  the  substance  to  be  evaporated. 
The  amounts  of  wax  deposited  on  the  specimen  surfaces  were  0.12,  0.2  and 
0.4  ug/mm2  for  «-hexatriacontane,  and  0.2,  0.4,  0.6  and  0.8  ug/mm2  for  T.  majus 
and  0.8  ug/mm2  for  Lotus  waxes,  respectively. 

After  coating,  the  specimens  with  «-hexatriacontane  were  placed  in  a  desiccator 
at  room  temperature  for  3  days  for  crystallization  of  the  alkanes.  A  stable  stage  was 
indicated  by  no  further  increase  of  crystal  sizes. 

For  the  plant  waxes  which  are  a  mixture  of  aliphatic  components,  different 
crystallization  conditions  have  been  chosen.  It  has  been  reported  by  Niemietz 
et  al.  [228]  that  an  increase  of  temperature  from  21°C  (room  temperature)  to 
50°  C  had  a  positive  effect  on  the  mobilization  and  diffusion  of  wax  molecules, 
required  for  separation  of  the  tubule  forming  molecules.  It  is  also  known  that 
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Table  20.8    Chemical  structure  of  the  major  components  of  «-hexatriacontane,  T.  majus  and  Lotus 
waxes.  The  major  component  is  shown  first  [44,  71,  73] 
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Thermal  evaporation  system 


Fig.  20.53    Schematic  of 
thermal  evaporation  system 
for  self-assembly  of  a  wax. 
Evaporation  from  the  point 
source  to  the  substrate  occurs 
over  hemispherical  region 
(dotted  line)  [74] 
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Fig.  20.54  Schematic  of  a  glass  recrystallization  chamber  used  for  tubules  formation.  The  filter 
paper  placed  at  the  bottom  of  the  chamber  was  wetted  with  20  mL  of  the  solvent,  and  slow 
evaporation  of  the  solvent  was  provided  by  placing  a  thin  filter  paper  between  the  glass  body  and 
the  cap  placed  above.  The  total  volume  of  the  chamber  is  about  200  cm'  [3] 

chemical  ambient  has  an  influence  on  the  propensity  of  wax  crystallization,  thus  the 
specimens  with  evaporated  plant  waxes  (T.  majus  and  Lotus)  were  stored  for  3  days 
at  50°  C  in  a  crystallization  chamber,  where  they  were  exposed  to  a  solvent  (ethanol) 
in  vapor  phase  (Fig.  20.54).  Specimens  were  placed  on  metal  posts  and  a  filter  paper 
wetted  with  20  mL  of  the  solvent  was  placed  below  the  specimens.  Slow  diffusive 
loss  of  the  solvent  in  the  chamber  was  provided  by  placing  a  thin  filter  paper 
between  the  glass  body  and  the  lid.  After  evaporation  of  the  solvent,  specimens 
were  left  in  the  oven  at  50°C  in  total  for  7  days.  Figure  20.55  shows  the  nanos- 
tructures  formed  by  Lotus  wax,  7  days  after  wax  deposition  on  flat  surfaces. 
Figure  20.55a  shows  the  nanostructure  after  storage  at  21°C;  in  these  no  tubules 
were  grown.  Figure  20.55b  shows  that  Lotus  waxes  exposed  to  ethanol  vapor  for  3 
days  at  50°C  formed  wax  tubules.  A  detailed  description  of  the  nanostructure  sizes 
and  nanoroughness  is  given  in  the  following. 

Flat  films  of  n-hexatriacontane  and  wax  tubules  were  made  by  heating  the 
substances  over  their  melting  point  and  rapidly  cooling  down.  This  procedure 
interrupts  the  crystallization  and  leads  to  smooth  films  [44,  71-74]. 


20.5.5.1     Nanostructures  with  Various  Platelet  Crystal  Densities 

Figure  20.56a  shows  the  scanning  electron  microscope  (SEM)  micrographs  of  a  flat 
surface  and  nanostructures  fabricated  with  various  masses  of  n-hexatriacontane  [71]. 
The  nanostructure  is  formed  by  three-dimensional  platelets  of  n-hexatriacontane, 
as  shown  in  detail  in  Fig.  20.56b.  Platelets  are  flat  crystals,  grown  perpendicular  to 
the  substrate  surface.  They  are  randomly  distributed  on  the  surface,  and  their  shapes 
and  sizes  show  some  variations.  Some  of  the  single  platelets  are  connected  to 
their  neighboring  crystals  at  their  lateral  ends.  This  arrangement  leads  to  a  kind  of 
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Fig.  20.55    SEM 

micrographs  of  morphology 
of  the  Lotus  wax  deposited  on 
the  fiat  epoxy  replica  surface 
after  two  treatments  of 
specimens  measured  at  45° 
tilt  angle,  (a)  after  7  days  at 
21°C  (top),  nanostructure  on 
flat  epoxy  replica  was  found 
with  no  tubules,  and  (b)  after 
7  days  at  50°C  with  ethanol 
vapor  (bottom),  tubular 
nanostructures  with  random 
orientation  were  found  on  the 
surface  [44] 


Lotus  wax  deposited  on  the  surface 
Nanostructure  on  flat  epoxy  replica 
a  After  seven  days  in  air  (21°  C) 


b   After  seven  days  with  ethanol  vapor  (50°  C) 


cross-linking  of  the  single  platelets.  As  shown  in  Fig.  20.56b,  and  based  on  additional 
specimens,  the  platelet  thickness  varied  between  50  and  100  nm,  and  their  length 
varied  between  500  and  1,000  nm.  The  self-assembly  of  n-hexatriacontane  used 
here,  and  most  long  chain  hydrocarbons  lead  to  layered  structures  with  a  lamellae 
order.  In  these  structures,  the  molecular  axis  is  orientated  parallel  to  the  substrate 
surface.  The  growth  of  these  layers  results  in  an  ordered,  crystalline  3-D  structure 
[229].  The  created  nanostructures  are  comparable  to  the  wax  crystal  morphology 
found  on  superhydrophobic  leaves,  e.g.,  Colocasia  esculenta  [10]  and  Triticum 
aestivum  (wheat)  [230].  SEM  micrographs  of  the  nanostructures  fabricated  with 
three  different  masses  of  M-hexatriacontane  show  different  densities  of  crystals. 
An  atomic  force  microscope  (AFM)  was  used  to  characterize  the  nanostructures. 
Statistical  parameters  of  nanostructures  (root  mean  square  (RMS)  height,  peak 
to  valley  height,  and  summit  density  (r)))  were  calculated  and  are  presented  in 
Table  20.9  [24,  25].  A  summit  is  defined  as  a  point  whose  height  is  greater  than 
its  four  nearest  neighboring  points  above  a  threshold  value  of  10%  of  RMS 
height  to  avoid  measurement  errors.  The  measurement  results  were  reproducible 
within  ±5%. 

To  study  the  effect  of  nanostructures  with  different  crystal  density  on  super- 
hydrophobicity,  static  contact  angle,  contact  angle  hysteresis  and  tilt  angle,  and 
adhesive  forces  were  measured  [71].  For  contact  angle  hysteresis,  the  advancing 
and  receding  contact  angles  were  measured  at  the  front  and  back  of  the  droplet 
moving  along  the  tilted  surface,  respectively.  The  data  are  shown  in  Fig.  20.57.  The 
static  contact  angle  of  a  flat  surface  coated  with  a  film  of  n-hexatriacontane  was  91°. 
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Fig.  20.56  SEM  micrographs  taken  at  45°  tilt  angle  (shown  using  two  magnifications)  of  (a)  the 
flat  surface  and  nanostructures  fabricated  with  various  mass  of  n-hexatriacontane  and  (b)  three- 
dimensional  platelets  forming  nanostructures  on  the  surface  fabricated  with  0.2  ug/mm  mass  of 
n-hexatriacontane.  All  samples  are  fabricated  with  epoxy  resin  coated  with  /i-hexatriacontane  [71] 
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Table  20.9    Roughness  statistics  for  nanostructure  surface  measured  using  an  AFM  (Scan  size 
10  um  x  10  um).  Nanostructures  were  fabricated  with  «-hexatriacontane,  T.  majus  and  Lotus 

waxes  [44,71,73] 

RMS  height  (nm)       Peak  to  valley  height  (nm)       1"|  (/sq.  um) 

522  0.78 

663  1.39 

856  1.73 

Tropaeolum  majus  wax 

Nanostructure  (0.8  ug/mm2)  180  1,570  0.57 

Lotus  wax 

Nanostructure  (0.8  ug/mm2)  187 1,550 1.47 

RMS  root  mean  square 
r)  summit  density 


/i-hexatriacontane 

Nanostructure  (0.12  ug/mm') 

46 

Nanostructure  (0.2  ug/mm  ) 

65 

Nanostructure  (0.4  ug/mm2) 

82 

It  showed  a  contact  angle  hysteresis  of  87°,  and  the  droplet  still  adhered  at  a  tilt 
angle  of  90°.  Nanostructuring  of  flat  surfaces  with  n-hexatriacontane  platelets 
creates  superhydrophobic  surfaces  with  high  static  contact  angle  and  a  reduction 
of  contact  angle  hysteresis  and  tilt  angle.  The  values  are  a  function  of  crystal 
density.  Figure  20.58  shows  a  plot  of  static  contact  angle  and  contact  angle  hyste- 
resis as  a  function  of  the  mass  of  n-hexatriacontane  deposited.  As  the  mass  of 
M-hexatriacontane  increased,  the  static  contact  angle  first  increased,  and  the  contact 
angle  hysteresis  decreased.  Then,  above  a  mass  of  0.2  ug/mm2,  static  contact  angle 
and  contact  angle  hysteresis  gradually  decreased  and  increased  with  increasing 
mass,  respectively.  The  highest  static  contact  angle  and  lowest  contact  angle  hyster- 
esis are  158°  and  23°  at  mass  of  0.2  ug/mm  .  As  shown  in  Fig.  20.57,  adhesive  force 
measured  using  a  15  urn  radius  borosilicate  tip  in  an  AFM  also  shows  a  similar  trend 
as  the  wetting  properties.  Adhesive  forces  of  the  nanostructured  surfaces  were  lower 
than  for  the  flat  surface  because  the  contact  between  the  tip  and  surface  was  lower 
than  on  the  flat  surface,  because  the  contact  between  the  tip  and  surface  was  reduced 
by  surface  structuring  [24,  25]. 

In  order  to  identify  wetting  regimes  (Wenzel  or  Cassie-Baxter)  as  well  as  to 
understand  the  effect  of  crystal  density  on  the  propensity  of  air  pocket  formation  for 
the  nanostructured  surfaces,  roughness  factor  (Rf)  and  fractional  liquid-air  interface 
(fLA)  are  needed.  The  Rf  for  the  nanostructures  was  calculated  using  the  AFM  map 
[13,  14].  The  calculated  results  were  reproducible  within  ±5%.  The  Rf  for  the 
nanostructured  surfaces  with  masses  of  0.12,  0.2  and  0.4  ug/mm  were  found  to 
be  3.4,  4.9  and  6.8,  respectively.  For  calculation  of  fLA  of  the  nanostructures,  only 
the  higher  crystals  are  assumed  to  come  in  contact  with  a  water  droplet.  The 
fractional  geometrical  area  of  the  top  surface  for  the  nanostructures  was  calculated 
from  SEM  micrographs  with  top  view  (0°  tilt  angle).  The  SEM  images  were 
converted  to  high  contrast  black  and  white  images  using  Adobe  Photoshop.  The 
increase  of  contrast  in  SEM  image  eliminates  the  smaller  platelet  structures,  which 
were  visible  in  the  original  SEM  image.  The  higher  crystals  led  to  white  signals  in 
the  SEM  figure.  The  fractional  geometrical  area  of  the  top  nanostructured  surfaces 
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Fig.  20.57    Bar  chart 
showing  the  measured  static 
contact  angle,  contact  angle 
hysteresis  and  tilt  angle;  also 
shown  are  calculated  static 
contact  angles  obtained  using 
Wenzel  and  Cassie-Baxter 
equations  with  a  given  value 
of  60,  and  calculated  contact 
angle  hysteresis  using 
Cassie-Baxter  equation 
on  flat  surface  and 
nanostructures  fabricated 
with  various  mass  of 
/1-hexatriacontane.  The 
droplet  on  flat  surface  does 
not  move  along  the  surface 
even  at  tilt  angle  of  90° . 
The  bar  chart  also  shows 
adhesive  forces  for  various 
structures,  measured  using 
a  15  um  radius  borosilicate 
tip  [71] 
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with  masses  of  0.12,  0.2  and  0.4  (ig/mm  was  found  to  be  0.07,  0.15  and  0.24, 
leading  to  fLA  of  0.93,  0.85  and  0.76,  respectively.  The  calculated  results  were 
reproducible  within  ±5%.  The  values  of  static  contact  angle  in  Wenzel  and 
Cassie-Baxter  regimes  for  the  nanostructured  surfaces  were  calculated  using  the 
values  of  Rf  and  fjj^  and  presented  in  Fig.  20.57.  The  values  of  contact  angle 
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Static  contact  angle  and  contact  angle  hysteresis  on  nanostructure 

180 


150 


120 


0.1  0.2  0.3  0.4 

Mass  of  n-hexatriacontane  (ug/mm2) 

Fig.  20.58    Static  contact  angle  and  contact  angle  hysteresis  as  a  function  of  mass  of  rc-hexatria- 
contane  deposited  on  nanostructures  [71] 

hysteresis  in  Cassie-Baxter  regimes  for  various  surfaces  were  calculated  using 
(20.20).  The  data  are  presented  in  Fig.  20.57. 

As  shown  in  Fig.  20.57,  the  experimental  static  contact  angle  and  contact  angle 
hysteresis  values  for  the  two  nanostructured  surfaces  with  0.2  and  0.4  ug/mm  were 
comparable  to  the  calculated  values  in  Cassie-Baxter  regime.  The  results  suggest 
that  a  droplet  on  two  nanostructured  surfaces  should  exist  in  the  Cassie-Baxter 
regime.  However,  the  experimental  static  contact  angle  and  contact  angle  hysteresis 
values  for  the  nanostructured  surface  with  0.12  ug/mm2  were  lower  and  higher 
than  the  calculated  values  in  Cassie-Baxter  regime,  respectively.  It  is  believed 
that  neighboring  crystals  are  separated  at  lower  crystal  density  and  any  trapped 
air  can  be  squeezed  out.  Whereas  neighboring  crystals  are  interconnected  at 
higher  densities  and  air  remains  trapped.  At  highest  crystal  density  at  a  mass  of 
0.4  ug/mm2,  there  is  less  open  volume  compared  to  that  at  0.2  ug/mm2,  and  that 
explains  a  droplet  static  contact  angle  going  from  158°  to  150°  [71]. 


20.5.5.2     The  Influence  of  Hierarchical  Structure  with  Wax  Platelets 
on  the  Superhydrophobicity 


Bhushan  et  al.  [72,  74]  created  surfaces  with  n-hexatriacontane  of  0.2  ug/mm  to 
study  the  influence  of  hierarchical  structure  on  superhydrophobicity.  Figure  20.59 
shows  the  scanning  electron  microscope  (SEM)  micrographs  of  a  flat  surface  and 
nano-,  micro-  and  hierarchical  structures.  To  study  the  effect  of  structure  on  super- 
hydrophobicity, static  contact  angle,  contact  angle  hysteresis  and  tilt  angle,  and 
adhesive  forces  of  four  structures  were  measured.  The  data  are  shown  in  Fig.  20.60. 
The  static  contact  angle  of  a  flat  surface  coated  with  a  film  of  «-hexatriacontane 
was  91°,  and  increased  to  158°  when  «-hexatriacontane  formed  a  nanostructure  of 
platelets  on  it.  The  static  contact  angle  on  a  flat  specimen  with  a  microstructure  was 
154°,  but  it  increased  to  169°  for  the  hierarchical  surface  structure.  Contact  angle 
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Fig.  20.59    SEM 

micrographs  of  the  flat 
surface,  nanostructure, 
microstructure,  and 
hierarchical  structure 
measured  at  45°  tilt 
angle  (shown  using  two 
magnifications).  All 
samples  are  fabricated  with 
epoxy  resin  coated  with 
«-hexatriacontane  [72] 


n-Hexatriacontane 
Flat 


Microstructure 


Hierarchical  structure  (0.2  ug/mm2) 


hysteresis  and  tilt  angle  for  flat,  micro-  and  nanostructured  surfaces  show  similar 
trends.  The  flat  surface  showed  a  contact  angle  hysteresis  of  87°,  and  the  droplet 
still  adhered  at  a  tilt  angle  of  90° .  The  superhydrophobic  micro-  and  nanostructured 
surfaces  showed  a  reduction  of  contact  angle  hysteresis  and  tilt  angle,  but  a  water 
droplet  still  needs  a  tilt  angle  of  26°  and  51°,  respectively,  before  sliding.  Only  the 
hierarchical  surface  structure  with  static  contact  angle  of  169°  and  low  contact 
angle  hysteresis  of  2°  exceeds  the  basic  criteria  for  superhydrophobic  and  self- 
cleaning  surfaces  [30].  Adhesive  force  measured  using  a  15  um  radius  borosilicate 
tip  in  an  AFM  also  shows  a  similar  trend  as  the  wetting  properties.  Adhesion 
force  of  the  hierarchical  surface  structure  was  lower  than  that  of  both  micro-  and 
nanostructured  surfaces  because  the  contact  between  the  tip  and  surface  was  lower 
as  a  result  of  contact  area  being  reduced  [24,  25]. 
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Fig.  20.60    Bar  chart 
showing  the  measured  static 
contact  angle,  contact  angle 
hysteresis  and  tilt  angle;  also 
shown  are  calculated  static 
contact  angles  obtained  using 
Wenzel  and  Cassie-Baxter 
equations  with  a  given  value 
of  60,  and  calculated  contact 
angle  hysteresis  using 
Cassie-Baxter  equation  on 
various  structures.  The 
droplet  on  flat  surface  does 
not  move  along  the  surface 
even  at  tilt  angle  of  90° .  The 
bar  chart  also  shows  adhesive 
forces  for  various  structures, 
measured  using  a  1 5  urn 
radius  borosilicate  tip  [72] 
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In  order  to  identify  wetting  regimes  (Wenzel  or  Cassie-Baxter)  for  the  various 
surfaces,  roughness  factor  (Rf)  and  fractional  liquid-air  interface  (^a)  are  needed. 
The  Rf  for  the  nanostructure  was  described  earlier.  The  Rf  for  microstructure  was 
calculated  for  the  geometry  of  flat-top,  cylindrical  pillars  of  diameter  D,  height  H, 
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Table  20.10  Summary  of  static  contact  angles  and  contact  angle  hysteresis  measured  and 
calculated  for  droplets  in  Wenzel  regime  and  Cassie-Baxter  regime  on  the  various  surfaces  with 
«-hexatriacontane  using  the  calculated  values  of  Rf  and /la  [72,  74] 


Static  contact  angle  (de 

•g) 

Contact  angle  hysteresis 

(deg) 
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Measured 

Calculated 

Calculated  in 

Measured 
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structure 

"Advancing  and  receding  contact  angles  are  141°  and  54°,  respectively 


and  pitch  P  distributed  in  a  regular  square  array.  For  this  case,  roughness  factor  for 
the  microstructure,  (Rf)micro  —  (1  +  ^jt-)-  The  roughness  factor  for  the  hierarchical 
structure  is  the  sum  of  (Rf)micro  and  (Rf)ndno.  The  values  calculated  for  various 
surfaces  are  summarized  in  Table  20.10. 

For  calculation  of  fLA,  we  make  the  following  assumptions.  For  the  microstruc- 
ture, we  consider  that  a  droplet  in  size  much  larger  than  the  pitch  P  contacts  only 
the  flat-top  of  the  pillars  in  the  composite  interface,  and  the  cavities  are  filled 
with  air.  For  microstructure,  fractional  flat  geometrical  area  of  the  liquid-air 
interface  under  the  droplet,  (/la)„„„0  =  (1  —  fpr)  [30].  The  fractional  geometrical 
area  of  the  top  surface  for  the  nanostructure  was  described  earlier.  For  the  hierar- 
chical structure,  the  fractional  flat  geometrical  area  of  the  liquid-air  interface, 

if  la)  hierarchical  =  l  ~  (^)I1  ~  </")«aJ-  The  values  of  contact  angle  hysteresis  in 
Cassie-Baxter  regimes  for  various  surfaces  were  calculated  using  (20.20).  The 
values  are  summarized  in  Table  20.10. 

The  values  of  static  contact  angle  in  the  Wenzel  and  Cassie-Baxter  regimes  for 
various  surfaces  were  calculated  using  the  values  of  Rf  andfLA  (Table  20.10).  As 
shown  in  Fig.  20.60,  the  experimental  static  contact  angle  values  for  the  three 
structured  surfaces  were  larger  than  the  calculated  values  in  Cassie-Baxter 
regime.  The  results  suggest  that  the  droplets  on  three  structured  surfaces  were 
in  the  Cassie-Baxter  regime.  This  indicates  that  the  microstructure  and  nanos- 
tructure surface  induce  air  pocket  formation.  For  the  contact  angle  hysteresis, 
there  is  a  good  agreement  between  the  experimental  data  and  the  theoretically 
predicted  values  for  the  Cassie-Baxter  regime.  These  results  show  that  air  pocket 
formation  in  the  micro-  and  nanostructure  decreases  the  solid-liquid  contact  [44], 
In  hierarchical  structured  surfaces,  the  air  pocket  formation  further  decreases  the 
solid-liquid  contact  and  thereby  reduces  contact  angle  hysteresis  and  tilt  angle 
[72,  74]. 
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20.5.5.3     The  Influence  of  Hierarchical  Structure  with  Wax  Tubules 
on  the  Superhydrophobicity 

Morphological  Characterization,  Wettability  and  Adhesion  Forces 
of  T.  Majus  Tubules 

Figure  20.61a  shows  the  SEM  micrographs  of  the  nanostructure  and  hierarchical 
structure  fabricated  with  two  different  masses  (0.6  and  0.8  |ig/mm  )  of  T,  majus 
[73].  SEM  micrographs  show  an  increase  in  the  tubule  amount  on  flat  and  micro- 
structure  surfaces  after  deposition  of  higher  masses  of  wax.  The  tubules  of  T.  majus 
wax  grown  in  an  ethanol  atmosphere  are  comparable  to  the  wax  morphology  found 
on  the  leaves  of  T.  majus.  Surfaces  show  a  homogenous  distribution  of  the  wax 
mass  on  the  specimen  surfaces,  and  tubules  provide  the  desired  nanostructure  of 
three-dimensional  tubules  on  flat  and  microstructure  surfaces.  The  tubule  morphol- 
ogy of  T.  majus  wax  is  shown  in  detail  in  Fig.  20.61b.  The  tubular  crystals  are 


T.  majus  wax  with  ethanol  vapor  (50°  C) 
Nanostructure  (0.6  jig/mm!)  Nanostructure  (0.8  ng/mmz) 


Hierarchical  structure  (0.6  ug/mm2) 


Hierarchical  structure  (0.8  ^g/mm2) 


Q  q  q  o 


Tubules  of  T.  majus  wax  (0.8  ug/mm2) 
with  ethanol  vapor  (50°  C) 


Fig.  20.61  SEM  micrographs  taken  at  45°  tilt  angle  (shown  using  two  magnifications)  of  (a)  the 
nanostructure  and  hierarchical  structure  fabricated  with  two  different  mass  (0.6  and  0.8  ug/mtrr) 
of  T.  majus  wax  after  storage  at  50°C  with  ethanol  vapor  and  (b)  three-dimensional  tubules 


forming  nanostructures  on  the  surface  fabricated  with  0.8 
storage  at  50°C  with  ethanol  vapor  [73] 


ug/mm    mass  of  T.  majus  wax  after 
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hollow  structures,  randomly  orientated  on  the  surface  and  embedded  into  an 
amorphous  wax  layer.  They  are  randomly  distributed  on  the  surface,  and  their 
shapes  and  sizes  show  some  variations.  As  shown  in  Fig.  20.61b,  and  based  on 
additional  specimens,  the  tubular  diameter  varied  between  100  and  300  nm,  and 
their  length  varied  between  300  and  1 ,200  nm. 

Atomic  force  microscopy  (AFM)  was  used  to  characterize  the  nanostructure 
fabricated  using  T.  majus  wax  of  0.8  jig/mm2  after  storage  at  50°C  with  ethanol 
vapor  [73].  Statistical  parameters  of  the  nanostructure  (root  mean  square  (RMS) 
height,  peak  to  valley  height,  and  summit  density  (r)))  were  calculated  and  are 
presented  in  Table  20.9  [24,  25].  A  summit  is  defined  as  a  point  whose  height  is 
greater  than  of  its  four  nearest  neighboring  points  above  a  threshold  value  of  10%  of 
RMS  height  to  avoid  measurement  errors.  The  measurement  results  were  reproduc- 
ible within  ±5%. 

To  study  the  effect  of  structures  with  various  length  scales  on  superhydropho- 
bicity, static  contact  angle,  contact  angle  hysteresis  and  tilt  angle,  and  adhesive 
forces  of  four  structures  produced  using  T.  majus  wax  were  measured  [73].  Nano- 
structures  formed  on  flat  and  microstructured  surfaces  were  fabricated  using 
T.  majus  wax  of  0.8  |J.g/mm2  after  storage  at  50°C  with  ethanol  vapor.  The  data 
are  shown  in  Fig.  20.62.  The  static  contact  angle  of  a  flat  surface  coated  with  a  film 
of  T.  majus  wax  was  112°,  and  increased  to  164°  when  T.  majus  wax  formed 
a  nanostructure  of  tubules  on  it.  On  the  flat  specimen  with  a  microstructure  on  it,  the 
static  contact  angle  was  154°,  but  increased  to  171°  for  the  hierarchical  surface 
structure.  Contact  angle  hysteresis  and  tilt  angle  for  flat,  micro-  and  nanostructured 
surfaces  show  similar  trends.  Flat  surface  showed  a  contact  angle  hysteresis  of  61° 
and  a  tilt  angle  of  86°.  The  microstructured  surface  shows  a  reduction  of  contact 
angle  hysteresis  and  tilt  angle,  but  a  water  droplet  still  needs  a  tilt  angle  of  31° 
before  sliding.  As  tubules  are  formed  on  the  flat  and  microstructured  surfaces,  the 
nanostructured  and  hierarchical  structure  surfaces  have  low  contact  angle  hysteresis 
of  5°  and  3°,  respectively.  These  properties  are  superior  to  plant  leaves,  including 
Lotus  leaves.  Adhesive  force  measured  using  a  15  um  radius  borosilicate  tip  in  an 
AFM  also  show  a  similar  trend  as  the  wetting  properties.  Adhesion  force  of  the 
hierarchical  surface  structure  was  lower  than  that  of  micro-  and  nanostructured 
surfaces  because  the  contact  between  the  tip  and  surface  was  lower  as  a  result  of 
contact  area  being  reduced  [24,  25]. 

To  further  verify  the  effect  of  hierarchical  structure  on  the  propensity  of  air 
pocket  formation,  Bhushan  et  al.  [73]  performed  evaporation  experiments  with 
a  droplet  on  microstructure  and  hierarchical  structure  fabricated  with  0.8  um/mm2 
mass  of  T.  majus  wax  with  ethanol  vapor  at  50°C.  Figure  20.63  shows  the  succes- 
sive photos  of  a  droplet  evaporating  on  two  structured  surfaces.  On  the  micro- 
structured  surface,  the  light  passes  below  the  droplet  and  air  pockets  can  be  seen,  so 
to  start  with  the  droplet  is  in  the  Cassie-Baxter  regime.  When  the  radius  of  the 
droplet  decreased  to  425  um,  the  air  pockets  are  not  visible  anymore,  and  the  droplet 
is  in  the  Wenzel  regime.  This  transition  results  from  an  impalement  of  the  droplet  in 
the  patterned  surface,  characterized  by  a  smaller  contact  angle.  For  the  hierarchical 
structure,  an  air  pocket  was  clearly  visible  at  the  bottom  area  of  the  droplet 
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Fig.  20.62   Bar  chart 
showing  the  measured  static 
contact  angle,  contact  angle 
hysteresis  and  tilt  angle  on 
various  structures  fabricated 
with  0.8  urn/mm   mass  of 
T.  majus  wax  after  storage  at 
50°C  with  ethanol  vapor.  The 
bar  chart  also  shows  adhesive 
forces  for  various  structures, 
measured  using  a  1 5  um 
radius  borosilicate  tip  [73] 
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throughout,  and  the  droplet  was  in  a  hydrophobic  state  until  the  droplet  evaporated 
completely.  It  suggests  that  a  hierarchical  structure  with  nanostructures  prevents 
liquid  from  filling  the  gaps  between  the  pillars. 


20     Biomimetics  Inspired  Surfaces  for  Superhydrophobicity,  Self-cleaning 


641 


Evaporation  of  a  droplet  on  the  surfaces  with  T.  majus  wax  with  ethanol  vapor  (50°  C) 
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Fig.  20.63  Evaporation  of  a  droplet  on  a  microstructured-  and  hierarchical  structured  surfaces 
fabricated  with  0.8  um/mm2  mass  of  T.  majus  wax  after  storage  at  50°C  with  ethanol  vapor.  The 
initial  radius  of  the  droplet  was  about  950  urn,  and  the  time  interval  between  first  two  photos  was 
180  s  and  between  the  latter  was  60  s.  As  the  radius  of  droplet  reached  425  um  (foot  print  =  836 
pm)  on  the  microstructured  surface,  the  transition  from  Cassie-Baxter  regime  to  Wenzel  regime 
occurred,  as  indicated  by  the  arrow.  On  the  hierarchical  structured  surface  air  pockets,  visible  at 
the  bottom  area  of  the  droplet,  exist  until  the  droplet  evaporated  completely  [3], 


Morphological  Characterization,  Wettability  and  Adhesion  Forces 
of  Lotus  Tubules 


For  the  development  of  nanostructures  by  tubule  formation,  Lotus  wax  was  used 
[44].  Figure  20.64a  shows  the  scanning  electron  microscope  (SEM)  micrographs  of 
flat  surfaces  with  the  tubules  nanostructure.  Microstructures  shown  in  Fig.  20.64b 
are  the  Lotus  leaf  and  micropatterned  Si  replica  covered  with  a  Lotus  wax  film. 
Hierarchical  structures  were  fabricated  with  microstructured  Lotus  leaf  replicas 
and  micropatterned  Si  replicas  covered  with  a  nanostructure  of  Lotus  wax  tubules, 
as  shown  in  Fig.  20.64c.  SEM  micrographs  show  an  overview  (left  column),  a  detail 
in  higher  magnification  (middle  column),  and  a  large  magnification  of  the  created 
flat  wax  layers  and  tubules  nanostructures  (right  column).  The  grown  tubules 
provide  the  desired  nanostructure  on  flat  and  microstructured  surfaces.  The  recrys- 
tallized  Lotus  wax  shows  tubular  hollow  structures,  with  random  orientation  on  the 
surfaces.  Their  shapes  and  sizes  show  only  a  few  variations.  The  tubular  diameter 
varied  between  100  and  150  nm,  and  their  length  varied  between  1,500  and 
2,000  nm.  Atomic  force  microscopy  (AFM)  was  used  to  characterize  the  nanos- 
tructure of  the  Lotus  wax  tubules.  The  statistical  parameters  of  the  nanostructure 
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Lotus  wax  (0.8  tig/mm2)  after  seven  days  with  ethanol  vapor  (50°  C) 
Nanostructure  on  flat  replica 


Microstructure  in  Lotus  replica 
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Fig.  20.64  SEM  micrographs  taken  at  45°  tilt  angle  (shown  using  three  magnifications)  of  (a) 
nanostructure  on  flat  replica,  (b)  microstructures  in  Lotus  replica  and  micropattemed  Si  replica, 
and  (c)  hierarchical  structure  using  Lotus  and  micropattemed  Si  replicas.  Nano-  and  hierarchical 
structures  were  fabricated  with  mass  0.8  ug/mm  of  Lotus  wax  after  storage  for  7  days  at  50°C 
with  ethanol  vapor.  Flat  epoxy  resin  and  microstructure  were  covered  with  flat  Lotus  wax  [44] 
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(root  mean  square  (RMS)  height,  peak  to  valley  height,  and  summit  density  (r|)) 
were  calculated  and  are  presented  in  Table  20.9. 

To  study  the  effect  of  Lotus  wax  tubule  nanostructures  on  superhydrophobicity, 
static  contact  angle,  contact  angle  hysteresis,  and  tilting  angle  were  measured  on 
flat,  microstructured  Lotus  replica,  micropatterned  Si  replica,  and  hierarchical 
surfaces.  Hierarchical  surfaces  were  made  of  the  Lotus  leaf  replica  and  micropat- 
terned Si  replica  with  a  nanostructure  of  wax  tubules  on  top.  Additionally,  fresh 
Lotus  leaves  were  investigated  to  compare  the  properties  of  the  fabricated  struc- 
tures with  the  original  biological  model. 

Figure  20.65  shows  that  the  highest  static  contact  angles  of  173°,  lowest  contact 
angle  hysteresis  of  1°,  and  tilting  angle  varying  between  1  and  2°  were  found  for  the 
hierarchical  structured  Si  replica.  The  hierarchical  structured  Lotus  leaf  replica 
showed  a  static  contact  angle  of  171°,  and  the  same  contact  angle  hysteresis  (2°) 
and  tilt  angles  of  1-2°  as  the  hierarchical  Si  replica.  Both  artificial  hierarchical 
structured  surfaces  show  similar  values  as  the  fresh  Lotus  leaf  surface  investigated 
here  with  static  contact  angle  of  164°,  contact  angle  hysteresis  of  3°,  and  a  tilting 
angle  of  3°.  However,  the  artificial  hierarchical  surfaces  showed  higher  static 
contact  angle  and  lower  contact  angle  hysteresis.  Structural  differences  between 
the  original  Lotus  leaf  and  the  artificial  Lotus  leaf  produced  here  are  limited  to 
a  difference  in  wax  tubules  length,  which  are  0.5-1  urn  longer  in  the  artificial 
Lotus  leaf  [44]. 

The  melting  of  the  wax  led  to  a  flat  surface  with  a  flat  wax  film  with  a  much 
lower  static  contact  angle  (1 19°),  a  higher  contact  angle  hysteresis  (71°),  and  a  high 
tilting  angle  of  66°.  The  data  of  a  flat  Lotus  wax  film  on  a  flat  replica  show  that  the 
Lotus  wax  by  itself  is  hydrophobic.  However,  it  has  been  stated  that  the  wax  on  the 
Lotus  leaf  surface,  by  itself,  is  weakly  hydrophilic  [231].  We  cannot  confirm  this. 
The  data  presented  here  demonstrate  that  the  native,  flat  wax  of  Lotus  leaves,  with  a 
static  contact  angle  of  119°,  is  hydrophobic  and  can  turn  superhydrophobic  (167°) 
by  increasing  the  surface  roughness  after  self  assembly  into  three-dimensional 
wax  tubules.  The  static  contact  angle  of  the  Lotus  wax  film  is  119°,  which  is  higher 
than  that  of  the  wax  film  made  of  T.  majus  of  112°.  However,  films  made  of 
M-hexatriacontane  showed  static  contact  angles  of  only  91°.  SEM  investigations, 
made  directly  after  contact  angle  measurements,  revealed  no  morphological  dif- 
ferences between  these  films.  Based  on  the  chemical  composition,  it  should  be 
assumed  that  the  non-polar  n-hexatriacontane  molecules  are  more  hydrophobic 
than  the  plant  waxes,  which  contain  high  amounts  of  oxygen  atoms.  At  this  point 
these  differences  cannot  be  explained  by  structural  or  chemical  differences  of  the 
films,  but  will  be  the  interest  for  further  studies. 

Adhesive  force  measured  using  a  15  urn  radius  borosilicate  tip  in  an  AFM  also 
shows  a  similar  trend  as  the  wetting  properties  for  the  artificial  surfaces  (Fig.  20.65) 
[44].  Adhesion  force  of  the  hierarchical  surface  structure  was  lower  than  that  of 
micro-  and  nanostructured  and  flat  surfaces  because  the  contact  between  the  tip  and 
surface  was  lower  as  a  result  of  the  contact  area  being  reduced.  However,  for  the 
fresh  Lotus  leaf,  there  is  moisture  within  the  plant  material,  which  causes  softening 
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Fig.  20.65    Bar  chart  showing 
the  measured  static  contact 
angle,  contact  angle  hysteresis 
and  tilt  angle  on  various 
structures  fabricated  with 
0.8ug/mm  of  Lotus  wax  after 
storage  for  7  days  at  50°  C 
with  ethanol  vapor.  The  bar 
chart  also  shows  adhesive 
forces  for  various  structures, 
measured  using  a  15  urn 
radius  borosilicate  tip.  The 
error  bar  represents  ±  1 
standard  deviation  [44] 


Static  contact  angle,  contact  angle  hysteresis, 
tilt  angle  and  adhesive  force  data 

Lotus  wax  (0.8  u.g/mm2)  after  seven  days  with  ethanol  vapor  (50°  C) 
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of  the  leaf,  and  so  when  the  tip  comes  into  contact  with  the  leaf  sample,  the  sample 
deforms,  and  a  larger  area  of  contact  between  the  tip  and  sample  causes  an  increase 
in  the  adhesive  force  [24,  25]. 
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20.5.5.4     Self-cleaning  Efficiency  of  Hierarchical  Structured  Surfaces 

For  deposition  of  contamination  on  artificial  surfaces,  various  structures  were 
placed  in  a  contamination  glass  chamber  [34].  Silicon  carbide  (SiC)  (Guilleaume, 
Germany)  particles  in  two  different  sizes  ranges  of  1-10  urn  and  10-15  urn 
were  used  as  the  contaminants.  The  SiC  particles  have  been  chosen  because  of 
their  similarity  in  shape,  sizes,  and  hydrophilicity  to  natural  dirt  contaminations. 
The  number  of  particles  per  area  was  determined  by  counting  them  from 
a  280  urn  x  210  um  image  taken  by  an  optical  microscope  with  a  camera  before 
and  after  water  cleaning. 

For  the  cleaning  test,  the  specimens  with  the  contaminants  were  subjected  to 
water  droplets  of  approximately  2  mm  diameter,  using  two  microsyringes  [34].  In 
order  to  obtain  a  relative  measure  of  the  self-cleaning  ability  of  hierarchical 
structures  which  exhibit  the  lowest  contact  angle  hysteresis  and  tilt  angle  as 
compared  to  other  structures  (flat,  nanostructures,  and  microstructures),  the  tilt 
angle  chosen  for  the  cleaning  tests  was  slightly  above  the  tilt  angle  for  the  hierar- 
chical structures.  Thus  experiments  were  performed  with  10°  for  surfaces  covered 
with  n-hexatriacontane  and  3°  for  surfaces  with  Lotus  wax.  The  water  cleaning  test 
was  carried  out  for  2  min  (water  quantity,  10  mL)  with  nearly  zero  kinetic  energy  of 
droplets.  For  watering  with  nearly  zero  kinetic  energy,  the  distance  between  the 
microsyringes  and  surface  was  set  to  0.005  m  (nearly  zero  impact  velocity).  The 
chosen  impact  velocity  represents  a  low  value  compared  to  a  natural  rain  shower, 
where  a  water  droplet  of  2  mm  diameter  can  reach  an  impact  velocity  of  6  m/s 
(measured  under  controlled  conditions)  [232]. 

Figure  20.66  shows  that  none  of  the  investigated  surfaces  was  fully  cleaned  by 
water  rinsing  [34].  The  data  represent  the  average  of  five  different  investigated 
areas  for  each  experiment.  For  Lotus  wax,  which  forms  tubule  nanostructures, 
and  n-hexatriacontane,  which  forms  platelet  nanostructures,  the  same  tendency  of 
particle  removal  was  found.  With  the  exception  of  hierarchical  structure  on  all 
surfaces,  larger  particles  were  removed  more  than  small  ones.  Most  particles 
(70-80%)  remained  on  smooth  surfaces,  and  50-70%  of  particles  were  found  on 
microstructured  surfaces.  Most  particles  were  removed  from  the  hierarchical 
structured  surfaces,  but  approximately  30%  of  particles  remained.  A  clear  differ- 
ence in  particle  removal,  independent  of  particle  sizes,  was  only  found  in  flat 
and  nanostructured  surfaces  where  larger  particles  were  removed  with  higher 
efficiency.  Observations  of  the  droplet  behavior  during  the  movement  on  the 
surfaces  showed  that  droplets  were  rolling  only  on  the  hierarchical  structured 
surfaces.  On  flat,  micro-  and  nanostructured  surfaces,  the  droplets  first  applied 
were  not  moving,  but  the  continuous  application  of  water  droplets  increased  the 
droplet  volumes  and  led  to  a  sliding  of  these  large  droplets.  During  this,  some  of 
the  particles  had  been  removed  from  the  surfaces.  However,  the  rolling  droplets 
on  hierarchical  structures  did  not  collect  the  dirt  particles  trapped  in  the  cavities  of 
the  microstructures.  The  data  clearly  shows  that  hierarchical  structures  have 
superior  cleaning  efficiency. 
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Self-cleaning  experiments  using  two  different  particle  sizes 
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Fig.  20.66  Bar  charts  showing  the  remaining  particles  after  applying  droplets  with  nearly  zero 
kinetic  energy  on  various  structures  fabricated  using  /j-hexatriacontane  and  Lotus  wax  using 
1-10  urn  and  10-15  urn  SiC  particles.  The  experiments  on  the  surfaces  with  «-hexatriacontane 
and  Lotus  wax  were  carried  out  on  tilted  stages  with  10°  and  3°,  respectively.  The  error  bars 
represent  ±1  standard  deviation  [34] 

20.5.5.5     Observation  of  Transition  During  the  Bouncing  Droplet 


To  observe  how  the  impact  velocity  influences  the  transition  from  the  composite 
solid-air-liquid  interface  to  the  homogeneous  solid-liquid  interface  during  droplet 
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impact,  Jung  and  Bhushan  [78]  performed  bouncing  droplet  experiments  on  various 
surfaces  with  M-hexatriacontane  and  T.  majus  and  Lotus  waxes.  Figure  20.67 
shows  snapshots  of  a  droplet  with  1  mm  radius  hitting  various  surfaces  fabricated 
with  0.2  and  0.4  urn/mm2  of  n-hexatriacontane  after  storage  at  room  temperature. 
The  impact  velocity  was  obtained  just  prior  to  the  droplet  hitting  the  surface.  First, 
on  the  flat  surface,  it  was  found  that  the  droplet  did  not  bounce  off  even  though  the 
impact  velocity  applied  was  up  to  1.5  m/s.  As  shown  in  the  images  in  the  first  row 
for  each  nano-,  micro-  and  hierarchical  structured  surface,  the  droplet  hitting  the 
surface  under  an  impact  velocity  of  0.44  m/s  first  deformed  and  then  retracted,  and 
bounced  off  the  surface.  Finally,  the  droplet  sat  on  the  surface  and  had  a  high 
contact  angle,  which  suggests  the  formation  of  a  solid-air-liquid  interface.  Next, 
we  repeated  the  impact  experiment  by  increasing  the  impact  velocity.  As  shown  in 
the  second  row  of  images  for  nanostructure  (0.4  [ig/mm  )  and  microstructure, 
bounce  off  did  not  occur,  and  the  wetting  of  the  surface  (and  possibly  pinning  of 
droplet)  occurred  at  impact  velocities  of  1.2  m/s  and  0.77  m/s,  respectively,  referred 
to  as  the  critical  impact  velocity.  This  is  because  air  pockets  do  not  exist  below  the 
droplet  as  a  result  of  droplet  impalement  by  the  structures,  characterized  by  a 
smaller  contact  angle.  These  observations  indicate  the  transition  from  the  compos- 
ite interface  to  the  homogenous  interface.  However,  as  shown  in  the  second  row  of 
images  for  nanostructure  (0.2  u.g/mm2)  and  hierarchical  structure,  during  applying 
impact  velocity  of  up  to  1.5  m/s,  the  bounce  off  always  occurred  and  the  wetting  of 
the  surface  did  not  occur. 

As  shown  in  Fig.  20.68,  the  critical  impact  velocity  of  a  droplet  with  1  mm  radius 
on  various  structures  at  which  wetting  of  the  surface  (possibly  pinning  of  droplet) 
occurs  was  measured  [78].  The  arrow  indicates  that  the  critical  impact  velocity  can 
possibly  be  more  than  1.5  m/s,  or  the  transition  has  not  occurred.  As  mentioned 
earlier,  when  the  mass  of  «-hexatriacontane  increased,  the  static  contact  angle  of 
nanostructure  first  increased  followed  by  a  decrease  at  a  mass  of  0.2  ug/mm2. 
For  the  critical  impact  velocity,  the  same  trends  were  found.  It  is  believed  that 
if  neighboring  crystals  are  separated  on  a  sample  with  lower  crystal  density,  any 
trapped  air  can  be  squeezed  out  whereas  if  the  neighboring  crystals  are  inter- 
connected on  a  sample  with  higher  density,  air  remains  trapped.  At  highest 
crystal  density  at  a  mass  of  0.4  ug/mm2,  there  is  less  open  volume  compared  to 
that  at  0.2  (ig/mm2  For  all  microstructures  with  n-hexatriacontane  and  Lotus 
wax,  the  critical  impact  velocities  of  the  droplet  are  lower  than  those  on  nano- 
and  hierarchical  structures  due  to  the  larger  distance  between  the  pillars,  and 
the  solid-air-liquid  interface  can  easily  be  destabilized  from  dynamic  impact  on 
the  surface.  Based  on  (20.29),  the  critical  impact  velocity  of  the  droplet  decrea- 
ses with  the  geometric  parameter  (pitch).  The  theoretical  critical  impact  velocity 
for  microstructure  using  (20.29)  is  0.5  m/s.  This  value  is  lower  than  the  experi- 
mental values  of  critical  impact  velocity  for  microstructures  by  about  30  ~  50% 
depending  on  the  structured  surfaces.  In  our  experiments,  during  applying 
impact  velocity  of  up  to  1.5  m/s  on  nano-  and  hierarchical  structures  with 
M-hexatriacontane  (0.2  (ig/mm2  for  nanostructure)  and  Lotus  wax,  the  wetting 
of  the  surface  did  not  occur.  The  data  clearly  shows  that  nano-  and  hierarchical 
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Fig.  20.67    Snapshots  of  a 
droplet  with  1  mm  radius 
hitting  various  surfaces 
fabricated  with  0.2 
and  0.4  ug/mm2  of 
«-hexatriacontane  after 
storage  at  room  temperature. 
The  impact  velocity  was 
obtained  just  prior  to  the 
droplet  hitting  the  surface. 
The  pinning  of  droplet 
on  the  nanostructure  with 
0.4  (ig/mra2  mass,  and  on 
the  microstructure  occurred 
at  impact  velocities  of  1.2  m/s 
and  0.77  m/s,  respectively  [78] 
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Fig.  20.68  Bar  chart  showing  the  measured  critical  impact  velocity  of  a  droplet  with  1  mm  radius 
at  which  transition  occurs  on  various  structures.  The  arrow  indicates  that  the  critical  impact 
velocity  can  possibly  be  more  than  1.5  m/s  or  the  transition  is  not  occurred  [78] 


structures  are  superior  to  microstructure  in  maintaining  stable  composite  solid- 
air-liquid  interface. 

To  identify  whether  one  is  in  a  homogeneous  solid-liquid  interface  or  a 
composite  solid-air-liquid  interface,  the  contact  angle  data  in  the  static  con- 
dition and  after  bounce  off  were  measured  on  various  surfaces,  as  shown  in 
Fig.  20.69  [78].  The  contact  angles  of  the  left  bar  for  each  sample  were 
measured  using  the  droplet  with  1  mm  radius  gently  deposited  on  the  surface. 
The  contact  angles  of  the  middle  and  right  bars  for  each  sample  were  measured 
using  the  droplet  after  hitting  the  surface  at  0.44  m/s  and  critical  or  highest 
impact  velocity.  Missing  bars  mean  that  the  droplet,  after  hitting  the  surface, 
bounced  off  without  coming  to  sit  on  the  surface.  The  static  contact  angle  of 
the  droplet  after  impact  at  0.44  m/s  is  lower  than  that  of  the  droplet  gently 
deposited  for  all  of  the  surfaces  with  n-hexatriacontane  and  Lotus  wax.  It  can 
be  interpreted  that  after  hitting,  the  droplet  pushes  out  the  entrapped  air  of  the 
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Fig.  20.69  Bar  chart  showing  the  measured  static  contact  angle  of  a  droplet  on  various  surfaces. 
The  contact  angles  of  the  left  bar  for  each  sample  were  measured  using  a  droplet  with  1  mm  radius 
gently  deposited  on  the  surface.  The  contact  angles  of  the  middle  and  right  bars  for  each  sample 
were  measured  using  the  droplet  after  hitting  the  surface  at  0.44  m/s,  and  critical  or  highest  impact 
velocity  [78] 


cavities  between  the  pillars  under  the  droplet,  resulting  in  an  abrupt  increase  of 
the  solid-liquid  surface  area  by  dynamic  impact.  As  mentioned  earlier,  after 
hitting  the  surface  at  a  critical  impact  velocity,  the  contact  angles  were  close  to 
90°  and  much  lower  than  that  of  the  droplet  gently  deposited  for  nanostruc- 
tures  with  n-hexatriacontane  (0.12  and  0.4  ug/mm  )  and  microstructures  with 
M-hexatriacontane  and  Lotus  wax.  Even  though  the  droplet  is  in  the  composite 
interface  when  it  is  gently  deposited  on  the  surface,  these  observations  indicate 
that  the  composite  solid-air-liquid  interface  was  destroyed  due  to  dynamic 
impact  on  the  surface. 
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20.5.5.6     Observation  of  Transition  During  the  Vibrating  Droplet 

Model  for  the  Adhesion  and  Inertia  Forces  of  the  Vibrating  Droplet 

Jung  and  Bhushan  [78]  presented  a  model  for  vibration.  In  this  model,  they 
calculate  expressions  for  adhesion  force  and  inertia  force  as  a  function  of  droplet 
properties  and  operating  conditions.  Consider  a  small  droplet  of  liquid  deposited  on 
a  surface.  The  liquid  and  surface  come  together  under  equilibrium  at  a  characteristic 
angle,  called  the  static  contact  angle  0,  as  shown  in  Fig.  20.70.  When  a  droplet  on  a 
surface  is  vibrated,  based  on  Lamb  [233],  a  general  expression  for  the  resonance 
frequency/,,  of  a  free  oscillating  liquid  droplet  is  given  as 


fr 


n(n  —  !)(«  +  2)y 


3npV 


(20.37) 


where  V  is  the  volume  of  the  droplet,  and  11  represents  the  number  of  modes, 
with  2  being  the  1st  mode  etc.  For  a  spherical  droplet  with  a  radius  R  with 
the  distance  between  the  center  of  droplet  and  the  solid  H,  the  volume  of  droplet 
V  is  given  by 


V  =  -n{R  +  H)2{2R-H) 


1 


(20.38) 


:nR3(l  -  cos  Of  (2  +  cos  0) 


Recent  experimental  studies  were  carried  out  by  Noblin  et  al.  [234]  and  Celestini 
and  Kofman  [235].  They  showed  that  the  frequency  decreases  with  the  volume  of 
the  droplet,  and  the  trends  are  compared  with  a  theoretical  model. 

When  liquid  comes  in  contact  with  a  surface,  the  energy  gained  for  surfaces 
coming  into  contact  is  greater  than  the  energy  required  for  their  separation  (or  the 
work  of  adhesion)  by  the  quantity  AW,  which  constitutes  the  adhesion  hysteresis 
[38].  For  a  surface,  the  difference  between  the  two  values  of  the  interface  energy 
(measured  during  loading  and  unloading)  is  given  by  AW.  These  two  values 


Fig.  20.70    Droplet  of 
liquid  in  contact  with  a  solid 
surface  -  contact  angle  9; 
radius  of  droplet  R;  distance 
between  the  center  of  droplet 
and  the  solid  H  [78] 
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are  related  to  the  advancing  contact  angle,  0a,  and  receding  contact  angle,  6r,  of 
the  surface.  For  example,  a  model  based  on  Young's  equation  has  been  used  to 
calculate  the  work  of  adhesion  from  contact  angle  hysteresis  [27,  31,  236,  237]. 

AW 

cos  0a  -  cos  0r  = (20.39) 

v 

From  (20.39),  the  dominant  force  (adhesion  force)  responsible  for  the  separation 
between  the  droplet  and  surface  is  given  by  [238,  239] 

FA  =  Ly(cos  6  a  —  cos  9r) 

(20.40) 
=  2R  sin  0(y)(cos  0a  —  cos  0r) 

where  L  is  the  length  of  the  triple  contact  line,  referred  to  as  line  of  contact  of  the 
solid,  liquid,  and  air.  The  radius  of  a  spherical  droplet,  R,  depends  on  the  contact 
angle  and  can  be  obtained  from  (20.38). 

From  applying  vertical  vibration  of  a  droplet  on  a  surface,  the  inertia  force  of 
droplet  Fj  is  given  by 

F,  =  pVAm2  (20.41) 

where  A  and  co  are  the  amplitude  and  frequency  of  vibration,  respectively. 
Bormeashenko  et  al.  [154]  showed  that  the  transition  occurred  at  a  critical 
value  of  inertia  force  acting  on  the  length  of  a  triple  line.  However,  if  the  inertia 
force  of  the  droplet  vibrated  on  the  surface  can  overcome  the  adhesion  force 
between  the  droplet  and  surface,  which  AF  is  positive  value  [78], 

AF  =  F,-  FA  (20.42) 

the  droplet  can  be  vertically  separated  from  the  surface  (bouncing  off)  before  the 
composite  solid-liquid-air  interface  is  destroyed. 


Vibration  Study  Results 

To  estimate  the  resonance  frequency  of  a  droplet,  a  droplet  on  various  surfaces  was 
vibrated  by  varying  the  frequency  with  a  sinusoidal  excitation  of  relatively  low 
amplitude  (0.4  mm)  [78].  Based  on  (20.37),  the  experiments  were  performed  in  the 
1st  and  2nd  modes  (n  =  2  and  3).  Figure  20.71  shows  the  optical  micrographs  of 
droplets  on  the  microstructured  surface  with  n-hexatriacontane  before  and  after 
vibration  at  an  amplitude  of  0.4  mm  for  1st  mode  (n  =  2)  and  2nd  mode  (n  =  3) 
of  vibration.  The  frequencies  for  the  1st  mode  and  2nd  mode  were  measured  to 
be  86  Hz  and  208  Hz,  respectively.  The  resonance  frequencies  on  various  surfaces 
were  measured,  and  the  data  are  summarized  in  Table  20.11.  For  comparison, 
the   theoretical   values   for  the   two   modes   were   calculated   using   (20.37). 
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Vibration  of  a  droplet  on  microstructured  surface  with  n-hexatriacontane 

Amplitude  =  0.4  mm 
Frequency  =  86  Hz         Frequency  =  208  Hz 


Fig.  20.71  Optical  micrographs  of  droplets  on  the  microstructured  surface  with  n-hexatriacontane 
before  and  after  vibration  at  amplitude  of  0.4  mm  for  1  st  mode  (n  =  2)  and  2nd  mode  (n  =  3)  of 
vibration.  The  frequencies  for  1st  mode  and  2nd  mode  were  measured  to  be  86  Hz  and  208  Hz, 
respectively  [78] 

Table  20.11  Summary  of  the  measured  resonance  frequency  at  the  fixed  amplitude  value  of 
0.4  mm,  the  calculated  inertia  force  of  a  vibrated  droplet,  and  adhesive  force  between  the  droplet 
and  surface  on  the  various  surfaces  fabricated  with  n-hexatriacontane  and  Lotus  wax 


Resonance 

FA  (UN) 

F,  (uN) 

AF  =  F,  -  FA 

frequency  (Hz) 

at  transition 

(uN) 

1st 

2nd 

or  bouncing 

mode 

mode 

off 

(n=2) 

(n  =  3) 

n-Hexatriacontane 

Flat 

103 

271 

260  ±  3.7 

Nanostructure  (0.12  ug/mnr) 

63 

169 

45  ±  2.2 

11 

-34  ±  2.2  (T) 

Nanostructure  (0.2  ug/mm2) 

50 

147 

10  ±  1.6 

10 

0±  1.6(B) 

Nanostructure  (0.4  ug/mm  ) 

54 

149 

13  ±  2.0 

11 

-2  ±  2.0  (B) 

Microstructure 

86 

208 

21  ±  1.7 

9 

-12  ±  1.7  (T) 

Hierarchical  structure 

49 

144 

0.2  ±  0.06 

3.6 

3.4  ±  0.06  (B) 

Lotus  wax 

Flat 

92 

243 

133  ±  3.3 

Nanostructure 

47 

138 

0.8  ±  0.08 

3.2 

2.4  ±  0.08  (B) 

Microstructure  (Lotus  replica) 

63 

179 

14  ±  1.8 

11 

-3  ±  1.8  (T 
andB) 

Microstructure  (Micropatterned 

66 

183 

10  ±  1.6 

10 

0  ±  1.6  (B) 

Si  replica) 

Hierarchical  structure  (Lotus 

40 

139 

0.1  ±  0.04 

3.6 

3.5  ±  0.04  (B) 

replica) 

Hierarchical  structure 

38 

137 

0.04  ±  0.01 

2.7 

2.6  ±  0.01  (B) 

(Micropatterned  Si  replica) 

Positive  value  of  AF  means  that  the  droplet  bounced  off  before  the  transition  occurs.  The  variation 
represents  ±1  standard  deviation  [78] 
B  Bouncing  off 
T  Transition 


For  calculations,  the  surface  tension  of  the  water-air  interface  ()»)  was  taken  to  be 
0.073  N/m,  the  mass  density  (p)  was  1,000  kg/m3  for  water,  and  the  volume  of 
droplet  (V)  was  5  |J.L.  The  theoretical  values  for  1st  mode  (n  =  2)  and  2nd  mode 
(n  =  3)  from  (20.37)  are  1 10  and  214  Hz,  respectively.  These  values  are  similar  to 
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those  of  flat  surfaces  with  n-hexatriacontane  and  Lotus  wax.  However,  with  the 
same  volume,  the  resonance  frequencies  of  the  structured  surfaces  are  lower  than 
those  of  flat  surfaces.  Celestini  and  Kofman  [235]  showed  that  the  resonance 
frequency  depends  on  the  contact  angle  of  the  structured  surfaces,  and  it  decreases 
with  increasing  contact  angle.  The  hierarchical  structures  with  highest  contact  angle 
have  the  lowest  resonance  frequency,  consistent  with  the  results  by  Celestini  and 
Kofman  [235]. 

To  observe  how  the  vibration  of  the  droplet  influences  the  transition  from  the 
composite  solid-air-liquid  interface  to  the  homogeneous  solid-liquid  interface, 
Jung  and  Bhushan  [78]  performed  vibrating  droplet  experiments  on  various 
surfaces  with  «-hexatriacontane  and  Lotus  wax.  Figure  20.72  shows  optical  micro- 
graphs of  droplets  on  various  surfaces  with  «-hexatriacontane  before  and  after 
vibrating  at  a  frequency  of  30  Hz,  which  is  less  than  the  resonance  frequency  for 
1st  mode  (n  =  2).  The  vibration  amplitude  was  increased  until  transition  or  until 
the  droplet  bounced  off.  First,  on  the  flat  surface,  it  was  found  that  the  droplet  did 
not  change  much  after  applying  vibration  at  amplitudes  ranging  from  0  to  3  mm.  As 
shown  in  the  images  for  nanostructure  (0.12  ug/mm2)  and  microstructure,  the  static 
contact  angles  of  the  droplet  before  vibrating  were  152°  and  154°,  respectively. 
After  vibrating  at  amplitudes  of  0.4  and  1.4  mm,  the  contact  angles  still  have  similar 
values  (151°  for  nanostructure  and  149°  for  microstructure),  which  suggests  the 
formation  of  a  solid-air-liquid  interface.  However,  after  vibrating  at  amplitudes  of 
2.4  mm  for  nanostructure  (0.12  ug/mm2)  and  2.0  mm  for  micro  structures,  the  static 
contact  angles  became  125°  and  121°,  respectively.  This  is  because  air  pockets  do 
not  exist  below  the  droplet  as  a  result  of  droplet  impalement  by  the  structures, 
characterized  by  a  smaller  contact  angle.  These  observations  indicate  the  transition 
from  the  composite  interface  to  the  homogenous  interface.  Observations  of  vibra- 
tion on  two  nanostructures  (0.2  and  0.4  ug/mm2)  and  a  hierarchical  structure 
showed  that  the  transition  did  not  occur,  but  the  droplet  started  to  bounce  off  the 
surface  from  amplitudes  of  2.2,  2.4,  and  0.8  mm,  respectively. 

To  study  the  validity  of  the  proposed  model  (20.42),  the  adhesive  force 
responsible  for  the  separation  between  the  droplet  and  surface  and  the  inertia 
force  of  a  droplet  vibrated  on  various  structures  were  calculated  [78].  The 
adhesive  force  was  obtained  from  (20.40)  using  static  contact  angle  and  contact 
angle  hysteresis.  The  inertia  forces  were  obtained  from  (20.41)  using  the  ampli- 
tude and  frequency  of  vibration  as  the  transition  or  droplet  bounce  off  occurred. 
The  data  are  presented  in  Fig.  20.73  and  summarized  in  Table  20.11.  As  shown 
in  Fig.  20.72,  it  was  observed  that  the  transition  occurred  as  a  result  of  droplet 
impalement  by  the  structures  by  increasing  the  inertia  force  of  droplet  on  the 
surfaces.  However,  if  the  inertia  force  of  the  droplet  vibrated  on  the  surface  can 
overcome  the  adhesion  force  between  the  droplet  and  surface  (AF  is  positive), 
the  droplet  can  be  vertically  separated  from  the  surface  (bouncing  off)  before 
the  composite  solid-liquid-air  interface  is  destroyed.  The  experimental  results 
for  bouncing  off  of  the  droplet  appear  to  have  the  same  trend  as  the  proposed 
model  (20.42).  It  is  shown  that  hierarchical  structures  have  the  positive  value  of 
the  difference  between  the  inertia  force  and  adhesive  force  for  droplet  bounce 
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Vibration  of  a  droplet  on  various  surfaces  with  n-hexatriacontane 
Frequency  =  30  Hz 
Flat 
Amplitude  =  0.4  mm  Amplitude  =  1 .4  mm  Amplitude  =  2.0  mm 


-J 

..... 

Nanostructure  with  n-hexatriacontane  (0.12  ug/mrn2) 
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Nanostructure  with  n-hexatriacontane  (0.2  u.g/mm2) 
Amplitude  =  0.4  mm  Amplitude  =  1.4  mm  Amplitude  =  2.2  mm 


Nanostructure  with  n-hexatriacontane  (0.4  u.g/mm2) 
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Microstructure 

Amplitude  =  0.4  mm 

Amplitude  =  1.4  mm 

Amplitude  =  2.0  mm 

■a|5m] 

.— , 

■  1^'jJ 

1        f    Jt  ^« 

Hierarchical  structure 
Amplitude  =  0.4  mm  Amplitude  =  0.6  mm 
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Fig.  20.72  Optical  micrographs  of  droplets  on  various  surfaces  with  «-hexatriacontane  before  and 
after  vibrating  at  frequency  of  30  Hz.  The  transition  of  a  droplet  on  the  nanostructure  with 
0.12  ug/mm  mass  of  «-hexatriacontane  and  on  the  microstructure  occurred  at  amplitudes  of 
2.4  mm  and  2.0  mm,  respectively  [78] 
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Fig.  20.73  Bar  chart  showing  the  calculated  adhesive  force  responsible  for  the  separation  between 
the  droplet  and  surface  and  inertia  force  of  a  droplet  vibrated  on  various  structures.  The  inertia 
forces  were  obtained  as  the  transition  or  droplet  bounce  off  occurred.  If  the  inertia  force  of  the 
droplet  vibrated  on  the  surface  can  overcome  the  adhesion  force  between  the  droplet  and  surface 
(AF  is  positive),  the  droplet  can  be  vertically  separated  from  the  surface  (bouncing  off)  before  the 
composite  solid-liquid-air  interface  is  destroyed  [78] 

off  responsible  for  superior  resistance  to  the  dynamic  effects  and  maintain  stable 
composite  solid-air-liquid  interface. 


20.5.6    Mechanically  Durable  CNT -Composite  Hierarchical 
Structured  Surfaces 


To  create  nano-  and  hierarchical  structures  with  a  high  mechanical  strength,  multi- 
walled  CNT  were  fabricated  using  catalyst-assisted  chemical  vapor  deposition 
(CCVD)  (Sun  Nanotech  Co  Ltd,  China).  Iron  catalyst  was  used  to  initiate  growth 
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\ 

Spray  gun 


Fig.  20.74    Schematic  of  spray  method  to  deposit  a  mixture  of  CNT,  epoxy,  and  acetone  on 
surfaces  [100] 


of  nanotubes  using  natural  gas  as  carbon  source  and  Ar/H2  as  buffer  gas  at  750°  C. 
The  contact  angle  of  individual  carbon  nanotubes  has  been  reported  as  60°  and 
higher.  The  multi-walled  CNT  composites  were  deposited  on  flat  epoxy  resin  and 
microstructure  using  a  spray  method  as  shown  in  Fig.  20.74  [100].  Microstructures 
were  fabricated  using  a  microstructured  Si  surface  with  pillars  of  14  urn  diameter 
and  30  um  height  with  23  urn  pitch  by  soft  lithography  [3,  100].  The  first  step  of 
deposition  of  CNT  composite  using  the  spray  method  was  to  disperse  the  CNT  into 
a  solvent  in  order  to  maintain  a  uniform  distribution.  Acetone  was  used  as  a  solvent 
because  it  does  not  affect  surface  modification  and  is  easily  vaporized  in  ambient 
conditions.  The  dispersion  process  consisted  of  the  sonification  of  200  mg  CNT  in 
100  mL  of  acetone  for  4  min  using  a  Branson  Digital  Sonifier  with  a  frequency  of 
20  kHz  at  amplitude  of  80%.  During  this  process,  the  mixture  was  exposed  to 
ultrasonic  pressure  waves  in  a  sonifier  in  order  to  disperse  the  CNT  into  smaller 
aggregates.  To  provide  strong  bonding  between  CNT  and  the  substrate,  200  mg 
EPON  epoxy  resin  1,002  F  was  added  to  the  mixture  of  CNT  and  acetone,  and  then 
the  mixture  was  sonificated  for  4  more  minutes.  Next,  the  sonified  mixture  was 
poured  into  a  spray  gun  and  sprayed  onto  the  specimen  surfaces.  The  conditions 
for  uniform  deposition  of  the  CNT  on  the  surfaces  were  optimized  by  adjusting  the 
concentration  of  CNT  in  the  solvent.  After  spraying  the  CNT  on  the  surfaces, 
the  CNT  composite  structures  were  then  annealed  at  120°C  for  3  h  in  order  to 
improve  the  mechanical  properties.  This  temperature,  above  the  melting  point 
(80  ~  88°C)  and  below  the  burning  point  (180°C)  of  EPON  epoxy  resin  1,002  F, 
was  selected  to  increase  strong  bonding  between  CNT  and  substrates.  At  this 
temperature,  the  epoxy  which  initially  covered  the  CNT  was  melted  and  moved 
to  the  interface  between  the  CNT  and  substrates,  resulting  in  exposed  CNTs  which 
lead  to  high  contact  angle. 

Figure  20.75  shows  the  SEM  micrographs  of  nano-  and  hierarchical  structures 
fabricated  with  CNT  [100].  SEM  micrographs  show  an  overview  (left  column),  a 
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Carbon  nanotubes  (CNT)  composite  after  three  hours  (120°  C) 
Nanostructure  with  CNT 


Hierarchical  structure  with  CNT 


Fig.  20.75    SEM  micrographs  taken  at  45°  tilt  angle,  show  three  magnifications  of  nano-  and 
hierarchical  structures  fabricated  with  CNT  after  3  h  at  120°C  [100] 


detail  in  higher  magnification  (middle  column),  and  a  large  magnification  of  the 
nanostructures  with  CNT  (right  column).  All  surfaces  show  a  homogenous  distri- 
bution of  CNT  on  the  specimen.  The  CNT  were  well  dispersed  and  embedded  on 
flat  and  microstructured  surfaces  for  the  desired  nanostructure.  The  CNT  diameter 
varied  between  10  and  30  nm,  and  an  aspect  ratio  varied  between  160  and  200. 

Lotus  leaves  have  been  the  inspiration  for  the  development  of  superhydrophobic 
and  self-cleaning  products.  Therefore,  as  a  benchmark  for  mechanical  durability 
studies,  Jung  and  Bhushan  [100]  used  nano-,  micro-,  and  hierarchical  structures 
created  by  the  self-assembly  of  Lotus  wax  with  the  amounts  of  0.8  p.g/mm 
deposited  on  flat  epoxy  resin  and  microstructure  by  thermal  evaporation  as  shown 
in  Fig.  20.64. 


20.5.6.1     The  Influence  of  CNT-Composite  Hierarchical  Structure 
on  the  Superhydrophobicity 

To  study  the  effect  of  CNT  composite  structures  for  superhydrophobicity,  Jung  and 
Bhushan  [100]  measured  the  static  contact  angle  and  contact  angle  hysteresis  on 
nano-  and  hierarchical  structures  with  CNT.  For  static  contact  angle  and  contact 
angle  hysteresis,  droplets  of  about  5  |J.L  in  volume  (with  the  diameter  of  a  spherical 
droplet  about  2.1  mm)  were  gently  deposited  on  the  surface  using  a  microsyringe. 
For  contact  angle  hysteresis,  the  advancing  and  receding  contact  angles  were 
measured  at  the  front  and  back  of  the  droplet  moving  along  the  tilted  surface, 
respectively.  Figure  20.76a  shows  that  superhydrophobicity  with  a  static  contact 
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Static  contact  angle  and  contact  angle  hysteresis 
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Fig.  20.76  Bar  chart  showing  the  measured  static  contact  angle  and  contact  angle  hysteresis  on 
(a)  nano-  and  hierarchical  structures  fabricated  with  CNT  after  3  h  at  120°C,  and  (b)  various 
structures  fabricated  with  0.8  pg/mm  of  Lotus  wax  after  storage  for  7  days  at  50°C  with  ethanol 
vapor.  The  error  bar  represents  ±1  standard  deviation  [100] 


angle  of  166°  and  a  contact  angle  hysteresis  of  4°  was  found  in  the  nanostructured 
surface  with  CNT.  After  introducing  CNT  nanostructure  on  top  of  the  micropat- 
terned  Si  replica,  the  higher  static  contact  angle  of  170°  and  lower  contact  angle 
hysteresis  of  2°  were  found  for  the  hierarchical  structures  with  CNT.  Both  nano- 
and  hierarchical  structures  created  with  CNT  showed  superhydrophobic  and  self- 
cleaning  surface,  which  has  a  static  contact  angle  of  more  than  150°  and  contact 
angle  hysteresis  of  less  than  10°  [100]. 

Figure  20.76b  shows  that  for  the  hierarchical  structure  with  Lotus  wax,  the 
highest  static  contact  angles  of  173°  and  lowest  contact  angle  hysteresis  of  1° 
were  found.  The  recrystallized  wax  tubules  are  very  similar  to  those  of  the  original 
Lotus  leaf,  but  are  0.5-1  um  longer,  the  static  contact  angle  is  higher,  and  the 
contact  angle  hysteresis  is  lower  than  reported  for  the  original  Lotus  leaf  (static 
contact  angle  of  164°  and  contact  angle  hysteresis  of  3°)  [44].  Superhydrophobicity 
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with  a  static  contact  angle  of  167°  and  a  contact  angle  hysteresis  of  5°  was  also 
found  in  the  nanostructured  surface  with  Lotus  wax.  The  microstructured  surface 
with  Louts  wax  layer  has  a  static  contact  angle  of  160°,  but  shows  a  much  higher 
contact  angle  hysteresis  of  29°  than  found  in  hierarchical  structures.  Melting  of  the 
Lotus  wax  led  to  a  flat  surface  with  a  flat  wax  film  and  a  much  lower  static  contact 
angle  of  119°  and  higher  contact  angle  hysteresis  of  71°.  The  data  of  a  flat  Lotus 
wax  film  on  a  flat  replica  show  that  the  Lotus  wax  by  itself  is  hydrophobic  [100]. 


20.5.6.2     Durability  of  Various  Surfaces  in  Waterfall/Jet  Tests 

To  investigate  the  durability  of  the  created  surfaces  in  long-term  exposure  to  water, 
and  how  different  kinetic  energies  of  the  water  hitting  the  surface  affect  wetting 
properties,  Jung  and  Bhushan  [100]  conducted  waterfall/jet  tests  on  the  surfaces 
created  with  CNT  and  Lotus  wax.  The  nano-  and  hierarchical  structures  with  CNT 
were  exposed  to  water  with  pressure  ranging  from  0  to  45  kPa  for  20  min. 
Figure  20.77  (left)  shows  static  contact  angle  and  contact  angle  hysteresis  as  a 
function  of  water  pressure.  As  water  pressure  hitting  the  surfaces  increased,  the 
static  contact  angle  and  contact  angle  hysteresis  decreased  and  increased  slightly, 
respectively,  but  a  significant  change  was  not  found  on  both  nano-  and  hierarchical 
structures  for  superhydrophobicity.  It  can  be  interpreted  that  there  was  no  deformation 
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Fig.  20.77  Static  contact  angle  and  contact  angle  hysteresis  as  a  function  of  water  pressure  of 
exposure  for  20  min  for  the  droplet  with  a  1  mm  radius  (5  uL  volume)  gently  deposited  on  the 
surfaces  with  CNT  and  Lotus  wax.  The  data  are  reproducible  within  ±5%.  Adapted  from  Jung  and 
Bhushan  [100] 
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of  CNT  structures  due  to  strong  bonding  with  the  substrate.  As  a  result,  super- 
hydrophobic  CNT  composite  structures  showed  good  stability  of  wetting  properties 
not  only  from  long-term  exposure  to  water  but  also  high  water  pressure.  In  order  to 
compare  durability  of  the  created  surfaces  with  CNT  and  Lotus  wax,  Jung  and 
Bhushan  [100]  also  conducted  waterfall/jet  tests  on  the  flat,  nano-,  micro-,  and 
hierarchical  structures  with  Lotus  wax.  Figure  20.77  (right  side)  shows  static 
contact  angle  and  contact  angle  hysteresis  as  a  function  of  water  pressure  of 
exposure.  As  the  water  pressure  increased  up  to  45  kPa,  static  contact  angle  and 
contact  angle  hysteresis  of  flat  and  microstructure  with  Lotus  wax  layer  remained 
almost  constant.  However,  as  the  water  pressure  increased  up  to  34  kPa,  the  static 
contact  angle  of  nano-  and  hierarchical  structures  with  Lotus  wax  first  decreased 
slightly,  and  then  the  contact  angle  started  decreasing  sharply.  It  was  also 
observed  that  the  corresponding  large  change  in  contact  angle  hysteresis  was 
found  above  34  kPa.  It  is  usually  known  that  wax  structures  on  the  leaves  can 
easily  be  induced  by  touching  the  leaf  surface  or  by  mechanical  wear  during 
transport  of  the  leaves.  As  expected,  it  is  observed  that  the  nanostructure  with 
Lotus  wax  can  be  damaged  by  water  with  high  pressure,  resulting  in  loss  of 
superhydrophobicity. 


20.5.6.3     Durability  of  Various  Surfaces  in  AFM  and  Ball-on-Flat 
Tribometer  Tests 

To  investigate  the  durability  of  the  nanostructure  fabricated  using  CNT,  Jung  and 
Bhushan  [100]  conducted  wear  tests  by  creating  50  x  50  urn  wear  scars  with  a 
15  um  radius  borosilicate  ball  for  1  cycle  at  two  normal  loads  of  100  nN  and  10  uN 
using  AFM.  Figure  20.78a  shows  surface  height  maps  before  and  after  wear  tests 
for  nanostructures  with  CNT.  As  the  normal  load  of  100  nN  was  applied  on  the 
nanostructure  with  CNT,  the  wear  scar  induced  on  the  surface  after  the  100  nN 
normal  load  tests  was  not  found  or  very  low,  and  it  was  also  hard  to  quantify 
a  wear  depth  on  the  nanostructure  with  CNT  scanned  with  a  borosilicate  ball.  With 
increasing  the  normal  load  to  10  uN,  it  was  found  that  the  wear  depth  on  the 
nanostructure  with  CNT  was  not  significantly  changed,  but  the  morphology  of 
the  CNT  differs  slightly  from  that  before  wear  test.  It  can  be  interpreted  that  the 
individual  CNT  might  be  expected  to  slide  or  bend  by  the  borosilicate  ball  applied 
by  high  normal  load  of  10  uN  during  the  test  process. 

For  comparison,  Jung  and  Bhushan  [100]  also  investigated  the  durability  of  the 
nanostructure  fabricated  using  Lotus  wax  by  applying  two  normal  loads  of  100  nN 
and  10  uN  using  AFM.  Figure  20.78b  shows  surface  height  maps  before  and  after 
wear  tests  for  nanostructures  with  Lotus  wax.  As  the  normal  load  of  100  nN  was 
applied  on  the  nanostructure  with  Lotus  wax,  the  change  in  the  morphology  of  the 
structured  surface  was  observed,  and  a  small  amount  of  debris  was  generated 
compared  to  the  surface  before  wear  test,  indicating  that  the  wax  nanostructure 
has  weak  mechanical  strength  at  even  small  load.  With  increasing  the  normal  load 
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Fig.  20.78    Surface  height  maps  before  and  after  wear  tests  with  a  15  um  radius  borosilicate  ball  at 
100  nN  and  10  uN  for  nanostructures  with  (a)  CNT  and  (b)  Lotus  wax  using  an  AFM  [100] 


to  10  u.N,  it  was  found  that  the  depth  of  wear  mark  increased,  and  the  nanostructure 
with  Lotus  wax  was  fully  removed  from  the  substrate.  As  expected,  the  nanostruc- 
ture with  Lotus  wax  exhibited  the  greater  amount  of  wear  compared  to  the  nanos- 
tructure with  CNT  as  evidenced  by  debris  build-up  around  the  edge  of  the  wear  test 
region.  The  damage  of  the  structured  surface  can  cause  the  sticking  of  water 
droplets  in  the  wear  region,  resulting  in  low  static  contact  angle  and  high  contact 
angle  hysteresis. 
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In  order  to  investigate  the  durability  of  structured  surfaces  at  a  high  load,  Jung 
and  Bhushan  [100]  conducted  conventional  ball-on-fiat  tribometer  experiments  for 
the  surfaces  with  CNT.  Figure  20.79a  shows  the  coefficient  of  friction  as  a  function 
of  number  of  cycles  for  the  nano-  and  hierarchical  structures  with  CNT.  The  data 
are  reproducible  within  ±5%  based  on  three  measurements.  The  coefficients  of 
friction  on  both  nano-  and  hierarchical  structures  with  CNT  first  increased  slightly 
for  20  cycles.  Such  a  trend  can  be  due  to  the  elastic  bending  or  buckling  of  CNT  by 
contacting  with  a  sapphire  ball  during  the  beginning  of  scan,  resulting  in  an  increase 
of  the  contact  area.  During  the  entire  experiment,  the  coefficient  of  friction  value  of 
the  nano-  and  hierarchical  structures  with  CNT  changed  minimally,  which  indi- 
cates that  the  CNT  was  not  being  worn  after  100  cycles.  To  investigate  the  change 
in  the  morphology  of  the  surfaces  after  wear  test,  optical  microscope  images  were 
obtained  before  and  after  wear  test  as  shown  in  Fig.  20.80a.  As  expected,  it  was 
observed  that  there  is  no  or  low  wear  on  nano-  and  hierarchical  structures  after  wear 
tests.  No  or  low  wear  on  the  CNT  composite  structure  can  possibly  be  due  to  the 
significant  increase  in  the  mechanical  strength  and  wear  resistance  led  from  the 
uniform  distribution  and  strong  bonding  of  CNT  on  flat  epoxy  resin  and  micro- 
structure.    The   elastic    bending    or   buckling    exhibited    by    CNT   make   them 
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Fig.  20.79    Coefficient  of 
friction  as  a  function  of 
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a  ball-on-flat  tribometer  for 
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and  (b)  Lotus  wax  at  room 
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Fig.  20.80   Optical 
micrographs  before  and  after 
wear  test  at  10  mN  (100 
cycles)  using  a  ball-on-flat 
tribometer  for  the  surfaces 
with  (a)  CNT  and  (b)  Lotus 
wax  [100] 
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exceedingly  tough  materials  and  may  be  absorbing  some  of  the  force  at  contact 
acting  as  a  compliant  spring  moderating  the  impact  of  the  ball  on  the  surface 
[240-242]. 

Contact  diameters  and  contact  stresses  of  CNT  at  three  loads  used  in  AFM  and 
ball-on-flat  tribometer  tests  were  calculated  [100].  Table  20.12  lists  the  physical 
properties  of  various  specimens.  It  is  assumed  that  contacts  are  single-asperity 
elastic  contacts.  For  this  case,  the  contact  diameter  [24,  25], 

/3WR\  1/3 
J  =  \-^)  (20-43) 

where  W  is  the  total  normal  load,  R  is  the  asperity  radius,  and  E  is  the  effective 
elastic  modulus.  It  should  be  noted  that  contact  occurs  on  multiple  asperities,  and 
(20.43)  gives  an  approximate  value.  The  calculated  contact  diameter  and  contact 
stress  are  presented  in  Table  20. 12.  The  deformation  of  CNT  appears  to  be  elastic  at 
the  three  loads  applied  by  borosilicate  ball  and  sapphire  ball. 

In  order  to  compare  the  durability  of  the  created  surfaces  with  CNT  and  Lotus 
wax  at  a  high  load,  Jung  and  Bhushan  [100]  conducted  a  wear  study  on  the  sur- 
faces with  Lotus  wax  using  a  conventional  ball-on-flat  tribometer.  As  shown  in 
Fig.  20.79b,  the  coefficient  of  friction  value  of  the  surfaces  with  Lotus  wax 
exhibited  a  gradual  increase  when  the  sliding  cycle  increases  up  to  about  70  cycles, 
and  then  remains  constant.  This  indicates  that  the  wax  nanostructure  and  flat  wax 
layer  could  be  undergoing  some  wear  due  to  weak  bonding  between  them  and  the 
substrates.  The  change  in  the  morphology  of  the  surfaces  with  Lotus  wax  was 
observed  in  optical  microscope  images  as  shown  in  Fig.  20.80b.  As  shown  in  the 
AFM  study  at  low  loads  (Fig.  20.78b),  it  is  clearly  observed  that  the  flat  wax  layer 
and  wax  nanostructure  on  flat  and  microstructure  were  fully  removed  from  the 


Table  20.12    Typical  physical  properties  of  various  specimens  and  calculated  contact  diameters 
and  contact  stresses  at  three  loads  used  in  AFM  and  ball-on-flat  tribometer  measurements 


Borosilicate  ball  with 

Sapphire  ball  with          Carbon  nanotube 

a  15  um  radius 

a  1.5  mm  radius 

Elastic  modulus  (GPa)           70a 

390b                                 l,200c 

Poisson's  ratio                        0.2a 

0.23b                             0.2d 

Bending  strength  (GPa) 

14.2C 

Contact  diameter  (pm) 

Mean  contact  pressure  (GPa) 

Borosilicate     Borosilicate 

Sapphire     Borosilicate     Borosilicate     Sapphire 

ball  at              ball  at  10  uN 

ball  at 

ball  at              ball  at  10  uN    ball  at 

100  nN 

10  mN 

100  nN                                     10  mN 

Carbon  nanotube    0.05                 0.24 

6.62 

0.076              0.33                 0.44 

It  is  assumed  that  contacts  are  singe-asperity  contact  [100] 
"Callister  [243] 
bBhushan  and  Gupta  [244] 
cWong  et  al.  [245] 
dZhang  et  al.  [246] 
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surfaces.  As  a  result,  superhydrophobic  CNT  composite  structures  showed  better 
mechanical  durability  than  the  structured  surfaces  with  Lotus  wax  to  best  withstand 
real  world  applications. 


20.6     Fabrication  and  Characterization  of  Biomimetic 
Structures  for  Fluid  Drag  Reduction 

Biomimetics  allows  one  to  mimic  nature  to  develop  materials  and  devices  of 
commercial  interest  by  engineers.  Drag  reduction  in  fluid  flow  is  one  of  the 
examples  found  in  nature.  In  this  section,  we  discuss  drag  reduction  efficiency  on 
biomimetic  structured  surfaces  in  channels. 


20.6.1     Experimental  Techniques 

For  the  measurement  of  pressure  drop  using  water  and  air  flows,  an  experimental 
flow  channel  with  a  rectangular  channel  was  designed  and  fabricated  as  shown  in 
Fig.  20.81  [48].  The  fabricated  surfaces  were  used  for  the  upper  and  lower  walls  of 
the  flow  channel.  Two  pieces  of  plastic  were  glued  between  the  upper  and  lower 
samples  and  at  each  end  to  prevent  flow  leak.  For  the  measurement  of  pressure  drop, 
the  upper  sample  had  two  opening  holes  connected  with  a  differential  manometer 
(Model  A  1000-13,  Differential  Pressure  Plus  Inc.,  USA).  The  thickness,  width,  and 
length  of  the  resulting  channel  are  designated  as  H,  W,  and  L,  respectively. 

The  inlet  and  outlet  ports  were  machined  and  connected  with  the  plastic  tubes.  To 
introduce  water  into  the  channel  in  laminar  flow,  a  syringe  pump  (Model  NE-300,  New 
Era  Pump  Systems  Inc.,  USA)  was  used  at  a  range  of  flow  rates  between  50  u.L/s  and 
400  u.L/s  (a  range  of  flow  velocity  between  0.03  m/s  and  0.23  m/s).  The  Reynolds 
number  of  the  flow  applied  by  the  syringe  pump  was  less  than  300,  which  is  the  laminar 
flow.  To  create  a  turbulent  flow,  a  larger  flow  rate  is  needed  than  cannot  be  accom- 
plished with  the  syringe  pump.  To  accomplish  high  fluid  flow,  a  separate  plastic 
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Fig.  20.81    Schematic  of  the  experimental  flow  channel  connected  with  a  differential  manometer. 
The  thickness,  width,  and  length  of  the  channel  are  H,  W,  and  L,  respectively  [48] 
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chamber  filled  with  a  measured  amount  of  water  was  used  to  allow  flow  through  the 
channel  under  the  force  of  gravity.  From  measuring  the  amount  of  water  and  time  to 
flow  the  water  from  a  starting  fluid  level  to  an  ending  fluid  level,  the  Reynolds  number 
was  calculated  as  4,200  (flow  velocity  of  3.8  m/s),  which  indicates  that  the  flow  is 
turbulent  using  this  setup.  In  order  to  make  air  flow,  laboratory  air  outlet  was  connected 
to  the  channel.  A  flowmeter  (Model  FL-1478-G,  Omega  Engineering,  Inc.,  USA)  was 
used  to  measure  air  flow  rate  between  laboratory  air  outlet  and  channel.  For  the  experi- 
mental measurements  of  air  flow,  the  calculated  range  of  Reynolds  number  was 
between  200  and  4,600,  which  indicates  both  laminar  and  turbulent  flows  [48]. 


20.6.2    Model  for  Calculation  of  Pressure  Drop  and  Slip  Length 

The  pressure  drop,  A/?,  of  an  incompressible  fluid  flow  between  two  points  along  the 
channel  of  thickness,  H,  width,  W,  and  length,  L,  for  a  hydrophilic  flat  surface  can 
be  calculated  by  [247] 

A'7  =  '^  (20-44) 

where  p  is  the  fluid  density,  V  is  the  flow  velocity  obtained  from  flow  rate  (Q) 
divided  by  cross  section  area  of  the  channel,  and  /  is  the  friction  factor  which 
specifies  the  loss  in  pressure  required  to  impel  a  flow  over  the  surface  or  through  the 
channel.  The  friction  factor  is  generally  a  function  of  Reynolds  number,  surface 
roughness,  and  the  geometry  of  the  surface.  DH  is  the  hydraulic  diameter  which  is 
proportional  to  four  times  the  flow  area  divided  by  the  perimeter  of  the  surface 
containing  the  flow.  For  the  rectangular  channel,  the  hydraulic  diameter  is 

DH=^  (20.45) 

W  +  H 

The  friction  factor  for  laminar  flow  is  inversely  proportional  to  the  Reynolds 
number  as  [247] 

k 
f  =  —     for  laminar  flow  (20.46) 

Re 

pVDH 
Re  = (20.47) 

n 

where  77  is  the  dynamic  fluid  viscosity.  The  Reynolds  number  can  be  used  to  determine 
whether  the  fluid  flow  will  be  within  the  laminar,  turbulent,  or  transitional  flow 
regimes.  Since  the  Reynolds  number  is  proportional  to  flow  velocity,  the  pressure 
drop  in  laminar  flow  increases  with  flow  velocity,  k  is  the  friction  coefficient  which 
can  be  found  by  the  solution  of  Poisson's  equation  over  the  cross  section  as  [247] 
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k=2 11  y  »  v°av 

-  H (2 ) 

From  (20.48),  the  friction  coefficient  is  dependent  only  on  the  shapes  of  the  cross 
section  but  it  is  independent  of  surface  roughness. 

To  improve  in  the  calculation  of  the  friction  factor  for  turbulent  flow  in  a 
rectangular  channel,  Jones  [248]  developed  an  improved  equivalent  diameter, 
De  =  64DH/k,  and  the  friction  factor  for  turbulent  flow  can  be  modified  as 

64 
/  =  —     for  turbulent  flow  (20.49) 

Re 

Next,  we  present  an  analysis  to  calculate  slip  length  in  the  laminar  flow.  Using  the 
Navier  slip  boundary  condition,  the  slip  length  b  of  the  two  infinite  parallel  and 
smooth  plates  can  be  obtained  as  [121,  247] 

4nQL       H 

*  =  Apl^-3  (2°-50) 

For  a  rectangular  channel,  the  slip  length  would  have  the  following  general  form 
[121] 

criQL       H 

*  =  Ap|p-3  (m51) 

where  c  is  a  constant  which  needs  to  be  obtained  empirically.  In  order  to  obtain  the 
constant,  pressure  drop  measurement  on  a  hydrophilic  channel  needs  to  be  made. 
The  (20.5 1 )  is  then  fitted  under  the  assumption  of  zero  slip  length  with  the  measured 
pressure  drop  data  to  obtain  c.  It  was  equal  to  5  for  the  channel  (H  =  0.7  mm, 
W  =  2.5  mm,  L  =  60  mm)  used  in  this  study.  Now  this  equation  was  used  to 
calculate  the  slip  length  for  hydrophobic  surfaces  [48]. 


20.6.3    Fabrication  and  Characterization  of  Biomimetic 
Structures 

A  shark  (Squalus  acanthias,  L.  Squalidae)  was  used  for  creating  a  shark  skin 
replica  [48].  A  shark  is  an  aquatic  animal,  and  its  skin  is  permanently  exposed 
to  contamination  from  marine  organisms,  e.g.,  bacteria  and  algae.  The  shark 
was  conserved  in  FAA  (formaldehyde  -  acetic  acid  -  ethanol)  solution.  The 
detailed  structure  varies  from  one  location  to  another  for  the  shark.  The  scales 
are  present  over  most  of  the  shark's  body.  To  create  a  replica,  the  right  front 
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of  shark  body  was  selected.  Before  replicating  the  conserved  shark  skin,  the 
selected  area  was  first  cleaned  with  acetone  and  then  washed  with  deionized 
water.  This  process  was  repeated  twice.  The  cleaned  skin  was  placed  in  air  for 
1  h  for  drying.  For  the  negative  replica,  a  polyvinylsiloxane  dental  wax  was 
applied  via  a  dispenser  on  the  upper  side  of  the  shark  skin  and  immediately 
pressed  down  with  a  glass  plate.  After  complete  hardening  of  the  molding  mass 
(at  room  temperature  3-5  min),  the  master  surface  and  the  mold  (negative)  were 
separated.  The  first  negative  replica  was  made  only  to  remove  any  remaining 
contaminations  from  the  shark  surface  by  embedding  the  dirt  into  the  replica 
material.  A  second  and  third  replica  of  the  same  area  was  made  to  obtain 
negatives  without  contamination.  For  the  positive  replica,  a  liquid  epoxy  resin 
was  used  in  the  molding  process. 

To  simulate  a  shark  skin  structure,  a  rib  patterned  surface  was  created  using  a 
FlashCut  CNC  milling  machine  [48].  Bechert  et  al.  [249]  have  reported  that  optimal 
groove  depth  for  the  rib  surface  should  be  about  half  of  the  lateral  rib  spacing  for 
low  drag.  In  the  rib  pattern  design  selected  here,  multiple  stacks  of  ribs  oriented 
along  an  axis  were  fabricated.  For  the  fabrication,  first  a  model  of  a  rib  patterned 
surface  was  designed  in  SolidWorks,  and  then  the  code  for  the  rib's  height,  width, 
spacing  and  lengths,  and  channel  dimensions  was  written  using  FeatureCAM  in 
order  to  fabricate  structures  using  the  CNC  milling  machine.  An  acrylic  resin  was 
clamped  onto  the  table  of  the  CNC  mill,  and  a  fly  cutter  was  used  to  make  the  top 
of  the  surface  flat.  The  code  was  opened  with  FlashCut  CNC  and  then  the  rib 
patterns  were  milled  using  an  endmill  with  130  urn  bit. 

Figure  20.82a  shows  the  SEM  micrographs  of  the  shark  skin  {Squalus 
acanthias)  replica  taken  at  a  top  view,  a  45°  tilt  angle  side  view,  and  a  45°  tilt 
angle  top  view.  The  shark  skin  replica  shows  that  scales  are  lifted  up  at  the  end, 
and  there  are  only  three  ribs  on  each  scale.  It  is  clearly  visible  that  the  V-shaped 
riblets'  height  varies  between  200-500  um,  and  their  space  varies  between 
100-300  um.  The  ribs  were  oriented  nearly  parallel  to  swimming  direction 
of  the  sharks.  Figure  20.82b  shows  the  optical  microscope  images  of  the  rib 
patterned  surface  fabricated  as  a  model  of  artificial  shark  skin  surfaces.  The 
height,  width,  and  length  of  the  created  ribs  were  90,  38,  and  850  um,  respec- 
tively. The  spacing  between  the  ribs  was  180  um. 

To  investigate  drag  reduction  efficiency  on  the  surfaces  with  superhydrophobi- 
city, self-cleaning,  and  low  adhesion  described  earlier,  Jung  and  Bhushan  [48]  used 
nano-,  micro-,  and  hierarchical  structures  created  by  the  self-assembly  of  Lotus  wax 
with  the  amounts  of  0.8  ug/mm2  as  shown  in  Fig.  20.64. 

Table  20.13  summarizes  the  static  contact  angle  and  contact  angle  hysteresis 
measured  on  shark  skin  replica,  rib  patterned  surface,  and  the  structured  sur- 
faces with  Lotus  wax.  The  shark  skin  replica  had  a  static  contact  angle  of  89°  and 
a  contact  angle  hysteresis  of  66°  for  a  water  droplet.  For  acrylic  resin  material, 
a  static  contact  angle  of  82°  was  found  for  flat  acrylic  resin.  Introduction  of  the  rib 
patterns  on  the  flat  surface  led  to  a  much  higher  static  contact  angle  of  146°  and 
lower  contact  angle  hysteresis  of  43°. 
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Fig.  20.82   (a)SEM 
micrographs  taken  at  top 
view,  45°  tilt  angle  side  view 
and  45°  tilt  angle  top  view, 
show  shark  skin  (Squalus 
acanthias)  replica.  The  shark 
skin  replica  show  only  three 
ribs  on  each  scale.  It  is  clearly 
visible  that  the  V-shaped 
riblets'  height  varies  between 
200-500  urn  and  their  space 
varies  between  100-300  um, 
and  (b)  optical  microscope 
images  (shown  using  two 
magnifications)  show  the  rib 
patterned  surface  fabricated 
as  a  model  of  artificial  shark 
skin  surfaces  [48] 


Shark  skin  (Squalus  acanthias)  replica 
Top  view  45''  titt  angle  side  view 


45"  tilt  angle  top  view 

Swimming  direction 


Rib  patterned  surface 
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20.6.3.1     Pressure  Drop  in  the  Channel  Using  Water  Flow 
and  Calculated  Slip  Length 


To  observe  the  fluid  drag  reduction  in  the  channel  using  water  flow,  experiments  on 
flat  epoxy  resin,  flat  with  thin  wax  layer,  nanostructure,  microstructure,  hierarchical 
structure,  and  shark  skin  replica  were  performed  [48].  In  Fig.  20.81,  the  rectangular 
channels  with  these  surfaces  had  thickness  H  =  0.7  mm,  width  W  =  2.5  mm,  and 
length  L  =  60  mm.  For  calculation  of  the  pressure  drop  using  the  (20.44),  the  mass 
density  (p)  and  viscosity  (77)  for  water  were  taken  to  be  1,000  kg/hr  and  0.001  Pas 
for  water,  respectively  [250].  Figure  20.83  shows  the  pressure  drop  as  a  function  of 
flow  rate  in  the  channel  with  various  surfaces  using  water  flow.  The  measured  data 
are  compared  with  the  predicted  pressure  drop  values  for  a  hydrophilic  surface 
obtained  using  (20.44)  for  laminar  and  turbulent  flows  (solid  lines).  The  figure  in 
the  bottom  is  magnified  in  flow  rate  between  0  and  500  uL/s.  In  both  laminar  and 
turbulent  flows,  the  pressure  drop  increased  linearly  with  flow  rate  for  all  samples.  It 
was  found  that  the  pressure  drop  for  the  flat  epoxy  resin  was  similar  to  the  value 
predicted  by  (20.44),  while  structured  surfaces  had  values  lower  than  the  predicted. 
As  mentioned  earlier  and  showed  in  Table  20.13,  the  introduction  of  roughness 
increases  the  hydrophobicity  of  the  surfaces  responsible  for  reduction  in  drag  or 


(a)  Epoxy  resin 

Flat  epoxy  resin 

76  ±  0.9 

Flat  with  thin  wax  layer 

119  ±  2.4 

Nanostructure 

167  ±  0.7 

Microstructure 

160  ±  1.8 

Hierarchical  structure 

173  ±  0.8 

Shark  skin  replica 

89  ±  1.7 

(b)  Acrylic  resin 

Flat  acrylic  resin 

82  ±  1.8 

Rib  patterned  surface 

146  ±  1.2 

20     Biomimetics  Inspired  Surfaces  for  Superhydrophobicity,  Self-cleaning  671 

Table  20.13    Summary  of  the  static  contact  angles  and  contact  angle  hysteresis  measured  on  the 
various  surfaces 

Static  contact  angle  (deg)  Contact  angle  hysteresis  (deg) 

67  ±  2.9(151a,  84b) 
56  ±  3.2  (148a,  92b) 

6±  1.1  (170a,  164b) 
27  ±  2.1  (169a,  142b) 

1  ±  0.6  (174a,  173b) 
66  ±  3.4  (155a,  89b) 

71  ±  2.6(122a,  51b) 

43  ±  1.2(158°,  115b) 

Nanostructures  and  hierarchical  structures  were  fabricated  with  0.8  irg/mm    of  Lotus  wax  after 
storage  at  50°C  with  ethanol  vapor.  Flat  epoxy  resin  and  microstructure  were  covered  with  flat 
Lotus  wax.  The  variation  represents  ±1  standard  deviation  [48] 
''Advancing  contact  angle 
Receding  contact  angle 


pressure  drop.  The  hierarchical  structure  with  highest  contact  angle  and  lowest 
static  contact  angle  hysteresis  provided  the  lowest  pressure  drop.  It  is  believed  that 
air  pockets  inside  the  grooves  underneath  the  fluid  reduce  the  contact  area  between 
fluid  and  surface,  resulting  in  lower  pressure  drop.  These  results  indicate  that 
superhydrophobicity  can  lead  to  drag  reduction  in  fluid  flow  [48]. 

As  shown  in  Fig.  20.83,  for  shark  skin  replica,  it  was  found  that  the  pressure 
drop  in  laminar  flow  was  higher  than  those  of  the  nanostructure  and  hierarchical 
structure  and  the  reduction  of  pressure  drop  was  about  12%  as  compared  to  the 
theoretical  pressure  drop.  However,  in  turbulent  flow,  the  reduction  of  pressure 
drop  was  similar  to  those  of  nanostructure  and  hierarchical  structure.  Bechert 
et  al.  [18]  showed  that  a  turbulent  boundary  layer  on  the  shark  skin  surface  with 
ribs  can  help  to  reduce  turbulent  shear  stress.  The  results  of  experimental  mea- 
surements on  shark  skin  replica  showed  that  a  reduction  of  pressure  drop  was 
obtained  up  to  30%  in  turbulent  flow.  It  can  be  concluded  that  the  surfaces  with 
ribs  are  more  beneficial  in  providing  drag  reduction  in  turbulent  flow  than  that  in 
laminar  flow. 

Based  on  the  pressure  drop  data,  the  slip  length  on  the  surfaces  with  different 
wettabilities  was  calculated  using  (20.51).  For  calculations,  it  was  assumed  that 
there  is  a  no-slip  boundary  condition  on  flat  epoxy  resin  as  verified  from  the 
experiments  [116].  Figure  20.84  shows  the  bar  chart  showing  the  slip  length  in 
the  channel  with  various  surfaces  using  water  flow  in  laminar  flow  (0  <  Re  <  300). 
The  average  values  of  slip  length  on  the  surfaces  were  calculated  over  all  the 
experimental  flow  rates.  A  slip  length  of  24  urn  was  found  for  the  flat  surface 
with  thin  wax  layer.  The  microstructure  (covered  with  a  flat  Lotus  wax  film)  and 
shark  skin  replica  had  slip  lengths  of  56  and  35  um,  but  the  nanostructure  and 
hierarchical  structures  show  much  higher  slip  lengths  of  91  and  103  um,  respecti- 
vely, which  implies  the  boundary  slip  increases  with  increasing  hydrophobicity  of 
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Fig.  20.83    Pressure  drop  as 
a  function  of  flow  rate  in  the 
channel  with  various  surfaces 
using  water  flow.  The  figure  in 
the  bottom  is  magnified  in  flow 
rate  between  0  and  500  uL/s. 
Data  are  compared  with 
predicted  pressure  drop  values 
for  a  hydrophilic  surface 
obtained  using  the  (20.44)  for 
laminar  and  turbulent  flows 
(solid  lines)  [48] 


Pressure  drop  in  the  channel  with  various  surfaces  using  water  flow 
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Fig.  20.84  Bar  chart  showing  the  slip  length  in  the  channel  with  various  surfaces  using  water  flow 
in  laminar  flow  (0  <  Re  <  300).  The  slip  length  was  calculated  using  the  (20.5 1)  and  the  pressure 
drop  measured  on  various  surfaces.  The  error  bar  represents  ±1  standard  deviation  [48] 
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solid  surfaces.  Zhu  and  Granick  [251]  have  reported  that  the  slip  length  increases 
from  nanometer  range  to  micrometer  range  as  the  flow  rate  increases. 

To  observe  the  fluid  drag  reduction  in  the  channel  using  water  flow,  experiments 
on  flat  acrylic  resin  and  rib  patterned  surfaces  fabricated  as  a  model  of  artificial  shark 
skin  were  also  performed  [48].  In  Fig.  20.81,  the  rectangular  channels  with  these 
surfaces  had  thickness  H  —  1  mm,  width  W  =  2  mm,  and  length  L  =  100  mm. 
Figure  20.85  shows  the  pressure  drop  as  a  function  of  flow  rate  in  the  channel  using 
water  flow.  The  measured  data  are  compared  with  predicted  pressure  drop  values  for 
a  hydrophilic  surface  obtained  using  (20.44)  for  laminar  and  turbulent  flows  (solid 
lines).  The  figure  in  the  bottom  is  magnified  in  flow  rate  between  0  and  500  uL/s. 
In  laminar  flow,  it  was  found  that  the  pressure  drop  increased  linearly  with  flow 
rate  and  was  similar  to  the  value  predicted  by  (20.44).  However,  in  turbulent  flow, 
the  reduction  of  pressure  drop  was  obtained  up  to  23%  as  compared  to  the  theoretical 
pressure  drop.  This  result  shows  a  similar  trend  to  that  of  the  shark  skin  replica. 


Pressure  drop  in  the  channel  with  various  surfaces  using  water  flow 
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Fig.  20.85  Pressure  drop  as  a  function  of  flow  rate  in  the  channel  with  flat  acrylic  resin  and  rib 
patterned  surface  using  water  flow.  The  figure  in  the  bottom  is  magnified  in  flow  rate  between 
0  and  500  p-L/s.  Data  are  compared  with  predicted  pressure  drop  values  for  a  hydrophilic  surface 
obtained  using  the  (20.44)  for  laminar  and  turbulent  flows  (solid  lines)  [48] 
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20.6.3.2     Pressure  Drop  in  the  Channel  Using  Air  Flow 

To  investigate  the  effect  of  air  flow  in  the  channel  and  compare  them  to  water 
drag  reduction,  experiments  with  air  flow  on  various  surfaces  were  performed 
[48].  In  Fig.  20.81,  the  rectangular  channels  had  thickness  H  —  0.7  mm,  width 
W  =  2.5  mm,  and  length  L  =  60  mm.  For  calculation  of  pressure  drop  using 
(20.44),  the  mass  density  (p)  and  viscosity  (rj)  for  water  were  taken  to  be  1.204  kg/ 
m  and  1.837  x  10~  Pas  for  air,  respectively  [250].  Figure  20.86  shows  the 
pressure  drop  as  a  function  of  flow  rate  in  the  channel  with  various  surfaces  using 
air  flow.  The  measured  data  are  compared  with  predicted  pressure  drop  values  for 
a  hydrophilic  surface  obtained  using  (20.44)  for  laminar  and  turbulent  flows  (solid 
lines).  The  figure  in  the  bottom  is  magnified  in  flow  rate  between  0  and  50  mL/s. 
The  pressure  drop  of  the  structured  surfaces  is  higher  than  that  of  the  hydrophilic 
surface  in  the  turbulent  flow  which  is  opposite  to  that  in  liquid  flow.  In  both 
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Fig.  20.86  Pressure  drop  as  a  function  of  flow  rate  in  the  channel  with  various  surfaces  using  air 
flow.  The  figure  in  the  bottom  is  magnified  in  flow  rate  between  0  and  50  mL/s.  Data  are  compared 
with  predicted  pressure  drop  values  for  a  hydrophilic  surface  obtained  using  the  (20.44)  for 
laminar  and  turbulent  flows  (solid  lines)  [48] 
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laminar  and  turbulent  flows,  the  pressure  drop  increased  linearly  with  flow  rate  for 
all  samples.  As  mentioned  earlier,  in  the  case  of  water  flow,  air  pockets  between 
the  structures  reduce  the  contact  area  between  liquid  and  surface,  resulting  in 
reduction  of  the  flow  drag.  The  data  shows  that  the  structures  are  not  beneficial  for 
drag  reduction  in  air  flow.  The  introduction  of  roughness  on  the  surfaces  increases 
the  pressure  drop  in  the  channel  in  the  turbulent  flow.  It  is  generally  known  that 
the  surfaces  with  a  streamlined  body  can  produce  dramatic  reductions  of  the  fluid 
pressure  drag  with  only  a  slight  increase  in  shear  stress  in  air  flow  [252].  It  is  also 
known  that  as  the  Reynolds  number  increases,  the  pressure  drop  becomes  very 
large,  resulting  in  larger  pressure  drag.  The  roughness  structures  on  the  surfaces 
may  cause  air  to  move  around  them,  resulting  in  the  formation  of  vortices  and 
large  fluid  drag. 

To  observe  the  fluid  drag  reduction  in  the  channel  using  air  flow,  experiments 
on  flat  acrylic  resin  and  fabricated  rib  patterned  surface  were  also  performed 
[48].  The  rectangular  channels  with  these  surfaces  had  thickness  H  =  1  mm, 
width  W  =  2  mm,  and  length  L  =  100  mm.  Figure  20.87  shows  the  pressure 
drop  as  a  function  of  flow  rate  in  the  channel  with  flat  acrylic  resin  and  rib 
patterned  surface  using  air  flow.  The  measured  data  are  compared  with  predicted 
pressure  drop  values  for  a  hydrophilic  surface  obtained  using  the  (20.44) 
for  laminar  and  turbulent  flows  (solid  lines).  The  experimental  results  show 
a  similar  trend  to  the  data  as  shown  in  Fig.  20.86.  It  was  found  that  the 
pressure  drop  of  the  rib  patterned  surface  slightly  increased  due  to  the  vortices 
formed  at  the  end  of  the  ribs  in  turbulent  flow  as  compared  to  the  theoretical 
pressure  drop. 
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Fig.  20.87  Pressure  drop  as  a  function  of  flow  rate  in  the  channel  with  flat  acrylic  resin  and  rib 
patterned  surface  using  air  flow.  Data  are  compared  with  predicted  pressure  drop  values  for  a 
hydrophilic  surface  obtained  using  the  (20.44)  for  laminar  and  turbulent  flows  (solid  lines)  [48] 
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20.7     Modeling,  Fabrication  and  Characterization 
of  Oleophobic/philic  Surfaces 

Oleophobic  surfaces  have  the  potential  for  self-cleaning  and  anti-fouling  from 
biological  and  organic  contaminants  both  in  air  and  underwater  applications.  In 
this  section,  we  discuss  a  model  for  predicting  the  oleophobic/philic  nature  and 
experimental  measurements  of  the  wetting  properties  of  the  surfaces. 


20.7.1     Modeling  of  Contact  Angle  for  Various  Interfaces 

If  a  water  droplet  is  placed  on  a  solid  surface  in  air,  the  solid-air  and  water-air 
interfaces  come  together  with  a  static  contact  angle,  0W.  The  value  of  dw  can  be 
determined  from  the  condition  of  the  total  energy  of  the  system  being  minimized 
[22,  23]  and  is  given  by  the  Young's  equation  for  the  contact  angle,  8W. 

coS0w  =  ysA~ysw  (20.52) 

JWA 

where  ysw,  ySA,  and  yWA  are  surface  tensions  of  the  solid-water,  solid-air,  and 
water-air  interfaces,  respectively.  If  an  oil  droplet  is  placed  on  a  solid  surface  in  air, 
the  Young's  equation  for  the  contact  angle,  9o,  can  be  expressed  by 

coS0o  =  ysA~yso  (20.53) 

lOA 

where  yso,  ySA,  and  yOA  are  surface  tensions  of  the  solid-oil,  solid-air,  and  oil-air 
interfaces,  respectively.  As  predicted  by  (20.53),  if  yso  is  higher  than  y$A,  an 
oleophobic  surface  can  be  achieved. 

To  create  an  oleophobic  surface  in  water,  let  us  consider  the  solid-water-oil 
interface.  If  an  oil  droplet  is  placed  on  a  solid  surface  in  water,  the  contact  angle  of 
an  oil  droplet  in  water,  0OW,  is  given  by  the  Young's  equation 

cos6ow  =  ysw~yso  (20.54) 

low 

where  yso,  ysw,  and  yow  are  surface  tensions  of  the  solid-oil,  solid-water,  and 
oil-water  interfaces,  respectively.  Combining  (20.52,  20.53  and  20.54),  the  equa- 
tion for  the  contact  angle,  0OM/,  of  an  oil  droplet  in  water  is  given  as 

a         7oa  cos  60  -  yWA  cos  6W  n„„, 

cos  (Jow  — (20.55) 

low 
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As  predicted  by  (20.55),  for  a  hydrophilic  surface  (ySA  >  ysw)>  an  oleophobic 
surface  in  the  solid-water-oil  interface  can  be  created  if  yOA  cos  0O  is  lower  than 
y-WA  cos  9W.  Since  the  surface  tension  of  oil  and  organic  liquids  is  much  lower 
than  that  of  water,  most  hydrophilic  surfaces  can  be  made  oleophobic  in  a  solid- 
water-oil  interface.  For  a  hydrophobic  surface  (ySA  <  ysw)  and  an  oleophobic 
surface  in  a  solid-air-oil  interface  (ySA  <  yso)>  an  oleophobic  surface  in  a  solid- 
water-oil  interface  can  be  created  if  yOA  cos  0O  is  higher  than  yWA  cos  6W  and  vice 
versa.  For  a  hydrophobic  and  an  oleophilic  surface  in  solid-air-oil  interface,  an 
oleophobic  surface  in  solid-water-oil  interface  cannot  be  created.  Schematics  are 
shown  in  Fig.  20.88,  and  the  summary  of  philic/phobic  nature  in  various  interfaces 
is  shown  in  Table  20.14.  For  an  oleophobic  surface,  oil  contaminants  are  washed 
away  when  immersed  in  water.  This  effect  leads  to  self-cleaning  that  can  be  used 
against  marine  ship  fouling  [47]. 


20.7.2    Experimental  Techniques 

For  the  measurement  of  static  contact  angle,  deionized  water  was  used  for  water 
droplet  and  hexadecane  was  used  for  oil  droplets  [47].  The  surface  tensions  of 
the  water-air  interface  (ywa)>  oil-air  interface  iyo/dt  ar*d  oil-water  interface  (yow) 
are  73  [250],  27.5  [250],  and  51.4  [253]  mN/m,  respectively.  The  mass  densities 
are  1,000  and  773  kg/m  for  water  and  hexadecane,  respectively.  Water  and  oil 
droplets  of  about  5  uL  in  volume  (with  radius  of  a  spherical  droplet  about  1  mm) 
in  air  environment  were  gently  deposited  on  the  specimen  using  a  microsyringe. 
The  process  of  wetting  behavior  of  an  oil  droplet  in  water  was  obtained  in 
a  solid-water-oil  interface  system  as  shown  in  Fig.  20.89  [47].  A  specimen  was 
first  immersed  in  water  phase.  Then  an  oil  droplet  was  gently  deposited  using 
a  microsyringe  from  the  bottom  of  the  system  because  the  density  of  oil  (hexade- 
cane) is  lower  than  that  of  water.  The  image  of  the  droplet  was  obtained  by  a  digital 
camcorder  (Sony,  DCRSR100,  Tokyo,  Japan)  with  a  lOx  optical  and  120x  digital 
zoom.  Images  obtained  were  analyzed  for  the  contact  angle  using  Imagetool® 
software  (University  of  Texas  Health  Science  Center).  The  measurements  were 
reproducible  to  within  ±2°. 


20.7.3    Fabrication  and  Characterization  of  Oleophobic  Surfaces 

A  two-step  molding  process  was  used  to  replicate  microstructures  with  varying 
pitch  values,  as  described  earlier.  As  a  master  template  for  the  flat  and  micropat- 
terned  surfaces,  a  flat  Si  surface  and  micropatterned  Si  surfaces  with  pillars  of 
14  urn  diameter  and  30  um  height  with  different  pitch  values  (21,  23,  26,  35,  70, 
105,  126,  168  and  210  um),  fabricated  by  photolithography,  were  used  [47]. 
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Fig.  20.88  Schematics  of  a  droplet  of  liquid  showing  philic/phobic  nature  in  three  different  phase 
interface  on  the  surface  -  9W,  80,  and  80w  are  static  contact  angles  of  water  droplet,  oil  droplet, 
and  oil  droplet  in  water,  respectively  [47] 
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Table  20.14    Summary  of  philic/phobic  nature  in  various  interfaces  [47] 
Solid-air-water  interface    Solid-water-oil  interface 


Hydrophilic  (y$A  >  Ysw)     Oleophobic  if  Joa  cos  Qq  <  Jwa  cos  8w 
Oleophilic  if  y0A  cos  80  >  yWA  cos  0W 


Solid-air-water 
interface 

Hydrophobic 
(?SA  <  ~/sw) 


Solid-air-oil  interface        Solid-water-oil  interface 

Oleophobic  if  ySA  <  yso    Oleophobic  if  yOA  cos  0o  >  yWA  cos  9W 
Oleophilic  if  yOA  cos  0o  <  yWA  cos  6W 
Oleophilic  if  y$A  >  }'so      Oleophilic 


Fig.  20.89    Schematics  of  a 
solid-water-oil  interface 
system.  A  specimen  is  first 
immersed  in  water  phase, 
and  then  an  oil  droplet  is 
gently  deposited  using 
a  microsyringe,  and  the 
static  contact  angle  in  the 
system  is  measured  [47] 
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To  study  surfaces  with  some  oleophobicity,  a  surface  coating  which  has  a  lower 
surface  tension  than  that  of  oil  is  needed.  For  this  purpose,  Jung  and  Bhushan  [47] 
deposited  M-perfluoroeicosane  (C20F42)  (268828,  Sigma-Aldrich,  USA)  on  the 
specimen  surfaces  by  thermal  evaporation.  The  surface  energy  of  M-perfiuoroeico- 
sane  is  6.7  mJ/m2  (6.7  mN/m)  [254].  The  specimens  were  mounted  on  a  specimen 
holder  with  double-sided  tape  and  placed  in  a  vacuum  chamber  at  30  m  Torr  (4  kPa 
pressure),  2  cm  above  a  heating  plate  loaded  with  6,000  p.g  M-perfluoroeicosane  [3]. 
The  M-perfluoroeicosane  was  evaporated  by  heating  it  up  to  170°C.  In  a  vacuum 
chamber  the  evaporation  from  the  point  source  to  the  substrate  occurs  in  straight 
line;  thus,  the  amount  of  sublimated  material  is  equal  in  a  hemispherical  region 
over  the  point  of  source  [227].  In  order  to  estimate  the  amount  of  sublimated 
mass,  the  surface  area  of  the  half  sphere  was  calculated  by  using  the  formula  27ir  , 
whereby  the  radius  (r)  represents  the  distance  between  the  specimen  to  be  covered 
and  the  heating  plate  with  the  substance  to  be  evaporated.  The  calculated  amount 
of  M-perfluoroeicosane  deposited  on  the  surfaces  was  2.4  (xg/mm2  (amount  of 
M-perfluoroeicosane  loaded  on  a  heating  plate  divided  by  surface  area). 
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Hierarchical  structures  were  fabricated  using  a  two  step  fabrication  process,  includ- 
ing the  production  of  microstructured  surfaces  by  soft  lithography  and  the  sub- 
sequent development  of  nanostructures  on  top  by  self  assembly  of  n-hexatriacontane 
with  the  amounts  of  0.2  itg/mm2  deposited  by  thermal  evaporation,  as  described 
earlier  [3,  71]. 

Jung  and  Bhushan  [47]  also  used  a  shark  skin  replica  described  earlier 
(L.,  Squalidae). 

Figure  20.90a  shows  the  SEM  micrographs  taken  at  a  45°  tilt  angle,  showing  two 
magnifications  of  the  micropatterned  surface.  Figure  20.90b  shows  the  hierarchical 
structures  and  nanostructures  covered  with  n-hexatriacontane  platelets.  The  nano- 
structure  is  formed  by  three-dimensional  platelets  of  «-hexatriacontane.  Platelets 

Micropatterned  surfaces 
14-um  diameter,  30-um  height.  23-um  pitch  pillars 


n-Hexatriacontane 
Hierarchical  structure  Nanostructure 


Shark  skin  {Squalus  acanthias)  replica 


Fig.  20.90  SEM  micrographs  taken  at  a  45°  tilt  angle  showing  two  magnifications  of  (a)  the 
micropatterned  surface,  (b)  hierarchical  structure  and  nanostructure  with  three-dimensional  plate- 
lets on  the  surface  fabricated  with  0.2  (ig/mm  mass  of  fi-hexatriacontane,  and  (c)  shark  skin 
(Squalus  acanthias)  replica.  The  shark  skin  replica  shows  only  three  ribs  on  each  scale.  It  is  clearly 
visible  that  the  V-shaped  riblets'  height  varies  between  200-500  um  and  their  space  varies  bet- 
ween 100-300  um  [47] 
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are  flat  crystals,  grown  perpendicular  to  the  substrate  surface.  The  platelet  thickness 
varied  between  50  and  100  nm,  and  their  length  varied  between  500  and  1,000  nm. 
Figure  20.90c  shows  the  shark  skin  replica  shows  only  three  ribs  on  each  scale. 
It  is  clearly  visible  that  the  V-shaped  riblets'  height  varies  between  200  and  500  um, 
and  their  space  varies  between  100  and  300  um  [47]. 


20.7.3.1     Wetting  Behavior  on  Flat  and  Micropatterned  Surfaces 

To  observe  the  wetting  behavior  of  water  and  oil  droplets  for  philic/phobic  nature  in 
three  phase  interfaces,  Jung  and  Bhushan  [47]  performed  experiments  with  droplets 
on  both  hydrophilic  and  hydrophobic  and  oleophilic  surfaces  in  air.  Figure  20.91 
shows  the  optical  micrographs  of  droplets  in  three  different  phase  interfaces  on  flat 
epoxy  resin  and  micropatterned  surfaces.  In  a  solid-air-water  interface,  the  water 
droplet  was  hydrophilic  for  the  flat  epoxy  resin  and  was  superhydrophobic  for  the 
micropatterned  surface  with  23  urn  pitch.  It  is  known  that  air  pocket  formation 
between  the  pillars  makes  a  high  static  contact  angle  for  micropatterned  surface. 
However,  in  a  solid-air-oil  interface,  the  oil  droplet  was  oleophilic  for  both  sur- 
faces. In  the  solid-water-oil  interface  system,  in  which  the  oil  droplet  sits  on  water 
trapped  in  the  pillars,  it  is  observed  that  the  oil  droplet  in  water  was  oleophobic  and 
had  contact  angles  of  109°  and  151°  for  flat  epoxy  resin  and  micropatterned  surface 
with  23  um  pitch,  respectively. 

To  study  optimization  of  oleophobicity  in  the  two  solid-air-water  and  solid- 
air-oil  interfaces,  the  static  contact  angles  for  water  and  oil  droplets  were  measured 
on  the  micropatterned  surfaces  [47].  Figure  20.92  (top)  shows  the  measured  static 
contact  angle  as  a  function  of  pitch  between  the  pillars  for  a  water  droplet  (circle) 
and  an  oil  droplet  (cross)  in  air.  The  data  are  compared  with  predicted  static  contact 
angle  values  obtained  using  Wenzel  and  Cassie-Baxter  equations  (20.24  and  20.25) 
(solid  lines)  with  a  measured  value  of  0O  for  the  micropatterned  surfaces.  In 
a  solid-air-water  interface  for  a  water  droplet,  the  flat  epoxy  resin  showed  a  static 
contact  angle  of  76°.  The  static  contact  angle  on  micropatterned  surfaces  is  higher 
than  that  of  the  flat  surfaces.  It  first  increases  with  an  increase  in  the  pitch  values, 
then  starts  to  drop  rapidly  to  a  value  slightly  higher  than  that  of  the  flat  surfaces. 
In  the  first  portion,  it  jumps  to  a  high  value  of  150°  corresponding  to  a  super- 
hydrophobic surface  and  continues  to  increase  to  160°  at  a  pitch  of  26  um  because 
open  air  space  increases  with  an  increase  in  pitch  responsible  for  propensity  of  air 
pocket  formation.  The  sudden  drop  at  a  pitch  value  of  about  30  um  corresponds 
to  the  transition  from  the  Cassie-Baxter  to  the  Wenzel  regime.  The  experimental 
observations  for  the  transition  are  comparable  to  the  value  predicted  from  Wenzel 
and  Cassie-Baxter  equations. 

At  a  solid-air-oil  interface  for  an  oil  droplet,  the  flat  epoxy  resin  showed  a  static 
contact  angle  of  13°.  As  shown  in  Fig.  20.92  (top),  the  oil  droplets  on  all  micro- 
patterned  surfaces  were  oleophilic,  and  the  contact  angle  was  lower  than  that  of  the 
flat  surfaces.  It  increases  with  an  increase  in  the  pitch  values  as  predicted  from 
Wenzel  equation.  As  mentioned  earlier,  the  surface  tension  of  the  oil-air  interface 
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Fig.  20.91  Optical  micrographs  of  droplets  in  three  different  phase  interfaces  on  flat  epoxy  resin 
and  micropatterned  surface  without  and  with  C20F42.  Left  image:  a  water  droplet  is  placed  on  a 
surface  in  air.  Middle  image:  an  oil  droplet  is  placed  on  a  surface  in  air.  Right  image:  an  oil  droplet 
is  placed  on  a  solid  surface  in  water  [47] 


is  very  low  for  hexadecane.  Therefore,  it  is  observed  that  from  (20.54)  the  surface 
tension  of  solid-oil  interface  (yso)  is  lower  than  that  of  solid-water  interface  (ysw)> 
resulting  in  oleophilic  state  for  all  micropatterned  surfaces. 

To  study  optimization  of  oleophobicity  in  a  solid-water-oil  interface,  the  static 
contact  angles  for  oil  droplets  in  water  were  measured  on  the  micropatterned 
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Fig.  20.92  Static  contact  angle  as  a  function  of  geometric  parameters  for  water  droplet  (circle) 
and  oil  droplet  (cross)  in  air  (top),  and  oil  droplet  in  water  (triangle)  (bottom)  compared  with 
predicted  static  contact  angle  values  obtained  using  Wenzel  and  Cassie-Baxter  equations  (solid 
lines)  with  a  measured  value  of  60  for  the  micropatterned  surfaces  [47] 


surfaces  [47].  Figure  20.92  (bottom)  shows  the  measured  static  contact  angle  as 
a  function  of  pitch  between  the  pillars  for  an  oil  droplet  in  water  (triangle).  The  data 
are  compared  with  the  predicted  static  contact  angle  values  obtained  using  the 
Wenzel  and  Cassie-Baxter  equations  (20.24  and  20.25)  (solid  lines),  with  a  mea- 
sured value  of  90  for  the  micropatterned  surfaces.  In  a  solid-water-oil  interface,  the 
oil  droplet  on  the  flat  epoxy  resin  was  oleophobic  and  had  a  static  contact  angle  of 
109°.  The  static  contact  angle  of  micropatterned  surfaces  in  the  solid-water-oil 
interface  showed  a  similar  trend  to  that  in  the  solid-air-water  interface.  As  the  pitch 
increases  up  to  26  um,  the  static  contact  angle  first  increases  gradually  from  146°  to 
155°  because  the  oil  droplet  sits  on  water  trapped  in  the  pillars,  and  open  space 
increases  with  an  increase  in  pitch.  Then,  the  contact  angle  starts  decreasing 
rapidly  due  to  the  transition  from  the  Cassie-Baxter  to  the  Wenzel  regime. 
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The  experimental  observations  for  the  transition  are  comparable  to  the  values 
predicted  from  Wenzel  and  Cassie-Baxter  equations.  The  micropatterned  surfaces 
studied  here  were  either  hydrophilic  or  hydrophobic  and  both  were  oleophilic.  In 
the  solid-  water-oil  interface,  they  were  oleophobic.  As  shown  in  Fig.  20.88  and 
Table  20.14,  it  is  observed  that  the  data  are  not  consistent  with  the  model  for 
hydrophobic  surfaces.  However,  hydrophilic  surfaces  became  oleophobic  in  the 
solid-water-oil  interface  because  yOA  cos  0O  is  higher  than  yWA  cos  9W. 


20.7.3.2     Wetting  Behavior  on  Flat  and  Micropatterned  Surfaces  with  C2oF42 

To  study  surfaces  with  some  oleophobicity,  w-perfiuoroeicosane  (C20F42),  which 
has  lower  surface  tension  than  that  of  oil,  was  deposited  on  the  surfaces,  and 
experiments  with  droplets  on  hydrophobic  and  both  oleophilic  and  oleophobic 
surfaces  in  air  were  performed  [47].  Figure  20.91  shows  the  optical  micrographs 
of  droplets  in  three  different  phase  interfaces  on  a  flat  epoxy  resin  and  a  micro- 
patterned  surface  with  C20F42.  In  a  solid-air-water  interface  and  a  solid-air-oil 
interface,  the  water  droplet  and  oil  droplet  showed  contact  angles  of  122°  and  76° 
for  the  flat  epoxy  resin  with  C2oF42  and  contact  angles  of  162°  and  133°  for  the 
micropatterned  surface  with  23  urn  pitch  with  C20F42,  respectively.  However,  in 
a  solid-water-oil  interface,  the  oil  droplet  in  water  was  oleophilic  and  had  con- 
tact angles  of  4°  and  9°  for  both  surfaces,  respectively.  To  explain  why  the  ole- 
ophobic surfaces  in  air  became  oleophilic  in  water,  the  theoretical  values  for  both 
surfaces  were  calculated  using  (20.55).  For  calculations,  the  surface  tensions  of  the 
water-air  interface  {jwa),  oil-air  interface  (joa),  and  oil-water  interface  (}'ow)  were 
taken  to  be  73,  27.5,  and  51.4  mN/m,  and  the  contact  angles  for  water  and  oil 
droplets  in  air  were  taken  from  the  measured  values.  The  theoretical  values  for  the 
flat  epoxy  resin  and  the  micropatterned  surface  with  23  um  pitch  with  C20F42  are 
28°  and  10°,  respectively.  These  values  are  similar  to  those  from  the  experiments. 
This  indicates  that  the  oleophobic  surfaces  become  oleophilic  in  water. 

To  study  optimization  of  oleophobicity  in  two  solid-air-water  and  solid-air-oil 
interfaces,  the  static  contact  angles  for  water  and  oil  droplets  were  measured  on 
the  micropatterned  surfaces  with  different  pitch  values  and  with  C20F42  [47]. 
Figure  20.93  shows  the  measured  static  contact  angle  as  a  function  of  pitch  between 
the  pillars  for  a  water  droplet  (circle)  and  an  oil  droplet  (cross)  in  air.  The  data  are 
compared  with  the  predicted  static  contact  angle  values  obtained  using  the  Wenzel 
and  Cassie-Baxter  equations  (20.24  and  20.25)  (solid  lines)  with  a  measured  value 
of  60  for  the  micropatterned  surfaces  with  C2oF42-  In  a  solid-air-water  interface  for 
the  water  droplet,  the  flat  epoxy  resin  with  C20F42  showed  a  static  contact  angle  of 
122°.  The  static  contact  angle  of  micropatterned  surfaces  with  C20F42  first  increases 
from  158°  to  169°  with  an  increase  in  the  pitch  values,  then  starts  to  drop  rapidly  at 
a  pitch  value  of  110  um.  From  comparison  of  the  experimental  data  to  the  Wenzel 
and  Cassie-Baxter  equations,  this  corresponds  to  the  transition  from  Cassie-Baxter 
to  Wenzel  regime.  All  surfaces  with  C20F42  had  an  increase  in  contact  angle,  and 


20     Biomimetics  Inspired  Surfaces  for  Superhydrophobicity,  Self-cleaning 


685 


the  transition  took  place  at  higher  pitch  value  than  that  of  the  micropatterned 
surfaces  (Fig.  20.92). 

At  a  solid-air-oil  interface  for  an  oil  droplet,  the  flat  epoxy  resin  with  C20F42 
showed  a  static  contact  angle  of  76°.  As  shown  in  Fig.  20.93,  the  highest  contact 
angle  of  micropatterned  surfaces  with  C20F42  was  133°  at  a  pitch  value  of  23  um. 
Then,  it  decreases  with  an  increase  in  the  pitch  values,  and  these  values  are 
comparable  with  the  values  predicted  Wenzel  equations.  The  contact  angles  of  all 
micropatterned  surfaces  with  C20F42  are  higher  than  that  of  the  flat  surfaces. 

To  study  optimization  of  oleophobicity  in  a  solid-water-oil  interface,  the  static 
contact  angles  for  oil  droplets  in  water  were  measured  on  the  micropatterned 
surfaces  with  different  pitch  values  and  with  C20F42  [47].  Figure  20.93  shows  the 
measured  static  contact  angle  as  a  function  of  pitch  between  the  pillars  for  an  oil 
droplet  in  water  (triangle).  The  data  are  compared  with  the  predicted  static  contact 
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Fig.  20.93  Static  contact  angle  as  a  function  of  geometric  parameters  for  water  droplet  (circle) 
and  oil  droplet  (cross)  in  air,  and  oil  droplet  in  water  (triangle)  compared  with  predicted  static 
contact  angle  values  obtained  using  Wenzel  and  Cassie-Baxter  equations  (solid  lines)  with  a 
measured  value  of  60  for  the  micropatterned  surfaces  with  C20F42  [47] 
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angle  values  obtained  using  the  Wenzel  and  Cassie-Baxter  equations  (20.24  and 
20.25)  (solid  lines)  with  a  measured  value  of  90  for  the  micropatterned  surfaces  with 
C20F42.  In  a  solid-water-oil  interface,  the  flat  epoxy  resin  with  C20F42  was  oleo- 
philic and  had  a  static  contact  angle  of  4°.  All  micropatterned  surfaces  with  C2oF42 
were  oleophilic  and  had  contact  angle  lower  than  10°.  The  reason  why  hydrophobic 
and  oleophobic  surfaces  in  air  became  oleophilic  in  water  can  be  explained  from 
Fig.  20.88  and  Table  20.14.  The  contact  angle  for  a  water  droplet  is  higher  than  that 
for  an  oil  droplet  on  all  surfaces  with  C20F42.  and  the  surface  tension  of  the 
water-air  interface  (jwa)  ls  higher  than  that  of  the  oil-air  interface  {joa)-  Therefore, 
it  is  observed  that  yWA  cos  6W  is  higher  than  Joa  cos  do,  and  men  me  surfaces 
become  oleophilic  in  the  solid-water-oil  interface. 


20.7.3.3     Wetting  Behavior  on  Nano-  and  Hierarchical  Structures 
and  Shark  Skin  Replica 

To  observe  the  wetting  behavior  of  water  and  oil  droplets  for  nano-  and  hierarchical 
structures  found  from  Lotus  plant  surfaces,  experiments  with  the  droplets  on  the 
surfaces  were  performed  in  the  three  phase  interface  [47].  Figure  20.94  shows  the 
optical  micrographs  of  droplets  in  three  different  phase  interfaces  on  a  nanostructure 
and  a  hierarchical  structure  fabricated  with  0.2  [ig/mm2  mass  of  n-hexatriacontane. 


n-Hexatriacontane 

Nanostructure 


Water  droplet  (1 58- ) 


Oil  droplet  (8s)  Oil  droplet  in  water  (10  } 

Hierarchical  structure 
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Water  droplet  (169=) 


Oil  droplet  (3;) 


Oil  droplet  in  water  (5") 


Fig.  20.94  Optical  micrographs  of  droplets  in  three  different  phase  interfaces  on  nanostructure 
and  hierarchical  structure  fabricated  with  0.2  ug/mirr  mass  of  n-hexatriacontane.  Left  image:  a 
water  droplet  is  placed  on  a  surface  in  air.  Middle  image:  an  oil  droplet  is  placed  on  a  surface  in  air. 
Right  image:  an  oil  droplet  is  placed  on  a  solid  surface  in  water  [47] 
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Both  nano-  and  hierarchical  structures  were  superhydrophobic  and  had  a  static 
contact  angle  of  158°  and  169°  in  the  solid-air-water  interface,  respectively. 
However,  they  are  oleophilic  in  the  solid-air-oil  interface  because  the  surface 
energy  of  n-hexatriacontane  is  31.4  mJ/m2  (31.4  mN/m)  [255],  and  this  value  is 
higher  than  that  of  an  oil  droplet  (hexadecane).  In  the  solid-water-oil  interface, 
nano-  and  hierarchical  structures  had  a  static  contact  angle  of  10°  and  5°,  respec- 
tively. As  shown  in  Fig.  20.88  and  Table  20.14,  it  is  observed  that  both  surfaces  are 
oleophilic  in  solid-water-oil  interface. 

To  study  the  surface  structure  on  an  aquatic  animal,  experiments  with  water 
and  oil  droplets  on  the  shark  skin  replica  were  performed  in  a  three  phase 
interface  [47].  Figure  20.95  shows  the  optical  micrographs  of  droplets  in  three 
different  phase  interfaces  on  a  shark  skin  replica  without  and  with  C2oF42-  First, 
the  shark  skin  replica  had  contact  angles  of  89°  and  -0°  for  water  and  oil  droplets, 
respectively.  After  the  surface  was  coated  with  C20F42,  the  contact  angles  of  water 
and  oil  droplets  became  142°  and  115°,  respectively.  In  the  solid-water-oil  inter- 
face, the  oil  droplet  in  water  on  the  shark  skin  replica  became  oleophobic  and  had 
a  contact  angle  of  109°.  Based  on  (20.55),  the  calculated  value  was  59°  for  the  oil 
droplet  in  water  on  a  shark  skin  replica.  This  difference  may  come  from  the  open 
space  under  the  scales  of  the  shark  skin  replica  responsible  for  the  propensity  of 
trapped  water  pocket  formation  as  shown  in  Fig.  20.69.  Shark  skin  replica  with 
C20F42  was  oleophilic  and  had  a  contact  angle  of  -0°.  This  state  is  the  same  as  the 
micropatterned  surfaces  with  C20F42  as  shown  in  Fig.  20.88  and  Table  20.14. 


Shark  skin  replica 


Water  droplet  (89') 


Oil  droplet  (~0")         Oil  droplet  in  water  (1 09-") 


Water  droplet  (142"') 


Oil  droplet  (115°)        Oil  droplet  in  water  {- 


Fig.  20.95  Optical  micrographs  of  droplets  in  three  different  phase  interfaces  on  shark  skin 
replica  without  and  with  C20F42.  Left  image:  a  water  droplet  is  placed  on  a  surface  in  air.  Middle 
image:  an  oil  droplet  is  placed  on  a  surface  in  air.  Right  image:  an  oil  droplet  is  placed  on  a  solid 
surface  in  water  [47] 
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20.8     Closure 

Biomimetics  allows  one  to  mimic  biology  or  nature  to  develop  materials  and 
devices  of  commercial  interest  by  engineers.  Properties  of  biological  materials 
and  surfaces  result  from  a  complex  interplay  between  surface  morphology  and 
physical  and  chemical  properties.  Hierarchical  structures  with  dimensions  of 
features  ranging  from  the  macroscale  to  the  nanoscale  are  extremely  common 
in  nature  to  provide  properties  of  interest.  There  are  a  large  number  of  objects 
including  bacteria,  plants,  land  and  aquatic  animals  and  seashells,  with  proper- 
ties of  commercial  interest.  This  article  has  focused  on  surfaces  with  super- 
hydrophobicity,  self-cleaning,  low  adhesion,  and  drag  reduction,  such  as  Lotus 
leaf  and  shark  skin.  The  development  of  superhydrophobic  and  self-cleaning 
surfaces  is  important  for  basic  research  as  well  as  various  applications,  including 
self-cleaning  windows,  exterior  paints  for  buildings,  navigation  ships,  textiles, 
solar  panels,  and  applications  requiring  antifouling  and  a  reduction  in  fluid 
flow,  e.g.,  in  micro/nanochannels.  These  surfaces  can  also  be  used  in  energy 
conversion  and  conservation. 

In  this  article,  the  theoretical  mechanisms  of  wetting  of  rough  surfaces  and 
characterization  of  natural  and  artificial  surfaces  with  superhydrophobicity,  self- 
cleaning,  low  adhesion  and  drag  reduction  has  been  presented.  Theoretical 
approaches  have  been  presented  to  understand  these  phenomena  such  as  the  transi- 
tion between  the  Wenzel  and  Cassie-Baxter  wetting  regimes,  contact  angle  hyster- 
esis, the  role  of  hierarchical  roughness,  and  the  possibility  of  the  creation  of 
reversible  hydrophobicity.  Based  on  learning  from  the  theoretical  background, 
various  leaf  surfaces  on  the  micro-  and  nanoscale  have  been  characterized  and 
attempts  are  made  to  separate  out  the  effects  of  the  micro-  and  nanobumps  and 
the  wax  on  the  hydrophobicity.  The  next  logical  step  in  realizing  superhydro- 
phobic surfaces  is  to  design  surfaces  based  on  understanding  of  the  leaves. 
Artificial  superhydrophobic  surfaces  have  been  fabricated  using  various  fabri- 
cation techniques.  The  influence  of  micro-,  nano-  and  hierarchical  structures  on 
superhydrophobicity  have  been  discussed  by  the  investigation  of  static  contact 
angle,  contact  angle  hysteresis,  evaporation,  bouncing  and  vibration  of  a  water 
droplet,  and  propensity  of  air  pocket  formation.  In  addition,  their  influence  on 
adhesive  force  as  well  as  efficiency  of  self-cleaning  have  been  discussed.  The 
models  for  the  transition  from  Cassie-Baxter  regime  to  Wenzel  regime  have  been 
presented.  Furthermore,  the  durability  of  the  various  fabricated  surfaces  has  been 
discussed  by  the  investigation  of  the  loss  of  superhydrophobicity  as  well  as  wear 
and  friction. 

An  aquatic  animal,  such  as  a  shark,  is  another  model  from  nature.  Shark  skin  is 
covered  by  very  small  individual  tooth-like  scales  called  dermal  denticles  (little 
skin  teeth),  ribbed  with  longitudinal  grooves  (aligned  parallel  to  the  local  flow 
direction  of  the  water).  These  grooved  scales  reduce  vortices  formation  present  on  a 
smooth  surface,  resulting  in  water  moving  efficiently  over  their  surface.  The 
artificial  surfaces  from  the  shark  skin  have  been  created  and  the  influence  of 
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structure  has  been  discussed  on  measurement  of  pressure  drop  and  fluid  drag  for 
drag  reduction  efficiency. 

Oleophobic  surfaces  have  the  potential  for  self-cleaning  and  anti-fouling  from 
biological  and  organic  contaminants  both  in  air  and  underwater  applications.  A 
model  for  predicting  the  contact  angle  of  water  and  oil  droplets  has  been  presented. 
The  surface  tension  of  oil  and  organic  liquids  is  lower  than  that  of  water.  So  to  make 
the  surface  oleophobic  in  a  solid-air-oil  interface,  a  material  with  surface  energy 
lower  than  that  of  oil  should  be  used.  The  wetting  behavior  of  water  and  oil  droplets 
for  hydrophobic/philic  and  oleophobic/philic  surfaces  in  three  phase  interfaces  has 
been  investigated.  For  underwater  applications,  we  have  presented  oleophobicity/ 
philicity  of  oil  droplet  in  water  on  the  surfaces  with  different  surface  energies  of 
various  interfaces  and  contact  angles  of  water  and  oil  droplets  in  air. 

This  article  provides  a  useful  guide  for  the  development  of  biomimetic  artificial 
surfaces.  Hierarchical  structures  are  typical  for  surfaces  with  superhydrophobic, 
self-cleaning,  low  adhesion  and  drag  reduction  in  nature.  The  flexible  and  low-cost 
technique  demonstrates  that  hierarchical  surfaces  can  be  produced  in  the  laboratory 
for  further  investigations  of  the  properties  of  hierarchical  structured  materials.  A 
proper  control  of  roughness  constitutes  the  main  challenge  in  producing  a  reliable 
hierarchical  surface  and  furthermore  the  mechanisms  that  trigger  the  Cassie-Baxter 
and  Wenzel  regime  transitions  still  remain  to  be  further  investigated. 
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Chapter  21 

Gecko  Feet:  Natural  Hairy  Attachment 

Systems  for  Smart  Adhesion 


Bharat  Bhushan 


Abstract  The  leg  attachment  pads  of  several  creatures,  including  many  insects, 
spiders,  and  lizards,  are  capable  of  attaching  to  a  variety  of  surfaces  and  are  used  for 
locomotion.  Geckoes,  in  particular,  have  the  largest  mass  and  have  developed  the 
most  complex  hairy  attachment  structures  capable  of  smart  adhesion  -  the  ability  to 
cling  to  different  smooth  and  rough  surfaces  and  detach  at  will.  These  animals  make 
use  of  about  three  million  microscale  hairs  (setae)  (about  14,000  mm-2)  that  branch 
off  into  hundreds  of  nanoscale  spatulae  (about  three  billion  spatula  on  two  feet). 
This  so-called  division  of  contacts  provides  high  dry  adhesion.  This  multiple-level 
hierarchically  structured  surface  construction  provides  the  gecko  with  the  compli- 
ance and  adaptability  to  create  a  large  real  area  of  contact  with  a  variety  of  surfaces. 
Modeling  of  the  gecko  attachment  system  as  a  hierarchical  spring  model  has 
provided  insight  into  the  adhesion  enhancement  generated  by  this  system,  van  der 
Waals  forces  are  the  primary  mechanism  utilized  to  adhere  to  surfaces,  and  capil- 
lary forces  are  a  secondary  effect  that  can  further  increase  the  adhesion  force. 
Preload  applied  to  the  setae  increases  adhesive  force.  Although  a  gecko  is  capable 
of  producing  of  the  order  of  20  N  of  adhesive  force,  it  retains  the  ability  to  remove 
its  feet  from  an  attachment  surface  at  will.  The  adhesive  strength  of  gecko  setae 
is  dependent  on  orientation;  maximum  adhesion  occurs  at  30°.  During  walking, 
a  gecko  is  able  to  peel  its  foot  from  surfaces  by  changing  the  angle  at  which  its  setae 
contact  the  surface.  Manmade  fibrillar  structures  capable  of  replicating  gecko 
adhesion  have  the  potential  for  use  in  dry  superadhesive  tapes  and  treads  for 
wall-climbing  robots  for  various  applications.  These  structures  can  be  created 
using  micro/nanofabrication  techniques  or  self-assembly. 


21.1     Overview 

The  leg  attachment  pads  of  several  animals  including  many  insects,  spiders,  and 
lizards,  are  capable  of  attaching  to  and  detaching  from  a  variety  of  surfaces  and  are 
used  for  locomotion,  even  on  vertical  walls  or  across  the  ceiling  [1,  2].  Biological 
evolution  over  a  long  period  of  time  has  led  to  the  optimization  of  their  leg 
attachment  systems.  This  dynamic  attachment  ability  is  referred  to  as  reversible 
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or  smart  adhesion  [3].  Many  insects  (e.g.,  beetles  and  flies)  and  spiders  have  been 
the  subject  of  investigation.  However,  the  attachment  pads  of  geckoes  have  been  the 
most  widely  studied  due  to  the  fact  that  they  have  the  highest  body  mass  and  exhibit 
the  most  versatile  and  effective  adhesion  known  in  nature.  As  a  result,  the  vast 
majority  of  this  chapter  will  be  concerned  with  gecko  feet. 

Although  there  are  over  1,000  species  of  geckoes  [4,  5]  that  have  attachment 
pads  of  varying  morphology  [6],  the  Tokay  gecko  (Gekko  gecko)  which  is  native  to 
Southeast  Asia,  has  been  the  main  focus  of  scientific  research  [7,  8,  9].  The  Tokay 
gecko  is  the  second  largest  gecko  species,  attaining  lengths  of  ss  0.3-0.4  and 
0.2-0.3  m  for  males  and  females,  respectively.  They  have  a  distinctive  blue  or 
gray  body  with  orange  or  red  spots  and  can  weigh  up  to  300  g  [10].  These  have  been 
the  most  widely  investigated  species  of  gecko  due  to  the  availability  and  size  of 
these  creatures. 

Almost  2,500  years  ago,  the  ability  of  the  gecko  to  "run  up  and  down  a  tree  in 
any  way,  even  with  the  head  downwards"  was  observed  by  Aristotle  [11,  Book  IX, 
Part  9].  Even  though  the  adhesive  ability  of  geckoes  has  been  known  since  the  time 
of  Aristotle,  little  was  understood  about  this  phenomenon  until  the  late  nineteenth 
century,  when  the  microscopic  hairs  covering  the  toes  of  the  gecko  were  first  noted. 
The  development  of  electron  microscopy  in  the  1950s  enabled  scientists  to  view  the 
complex  hierarchical  morphology  that  covers  the  skin  on  the  gecko's  toes.  Over  the 
past  century  and  a  half,  scientific  studies  have  been  conducted  to  determine  the 
factors  that  allow  the  gecko  to  adhere  to  and  detach  from  surfaces  at  will,  including 
surface  structure  [6,  8,  12,  13,  14,  15,  16,  17],  the  mechanisms  of  adhesion  [6,  7,  18, 
19,  20,  21,  22,  23,  24,  25,  26,  27,  28],  and  adhesion  strength  [7,  8,  17,  25,  28,  29]. 
Modeling  the  gecko  attachment  system  as  a  system  of  springs  [3,  30,  31,  32,  33] 
has  provided  valuable  insight  into  adhesion  enhancement;  van  der  Waals  forces 
are  widely  accepted  in  the  literature  as  the  dominant  adhesion  mechanism  uti- 
lized by  hierarchical  attachment  systems.  Capillary  forces  created  by  humidity 
naturally  present  in  the  air  can  further  increase  the  adhesion  force  generated  by 
the  spatulae  [33].  Both  experimental  and  theoretical  work  support  these  adhesion 
mechanisms. 

There  is  great  interest  among  the  scientific  community  to  further  study  the 
characteristics  of  gecko  feet  in  the  hope  that  this  information  can  be  applied  to 
the  production  of  micro/nanosurfaces  capable  of  recreating  the  adhesion  forces 
generated  by  these  lizards  [2].  Common  manmade  adhesives  such  as  tape  or  glue 
involve  the  use  of  wet  adhesives  that  permanently  attach  two  surfaces.  However, 
replication  of  the  characteristics  of  gecko  feet  would  enable  the  development  of 
a  superadhesive  tape  capable  of  clean  dry  adhesion.  These  structures  can  bind 
components  in  microelectronics  without  the  high  heat  associated  with  various 
soldering  processes.  These  structures  will  never  dry  out  in  a  vacuum  -  a  common 
problem  in  aerospace  applications.  They  have  the  potential  for  use  in  everyday 
objects  such  as  adhesive  tapes,  fasteners,  and  toys,  and  in  high  technology  such 
as  microelectronic  and  space  applications.  Replication  of  the  dynamic  climbing 
and  peeling  ability  of  geckoes  could  find  use  in  the  treads  of  wall-climbing 
robots. 
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There  are  two  kinds  of  attachment  pads:  relatively  smooth  and  hairy.  Relatively 
smooth  pads,  so-called  arolia  and  euplantulae,  are  soft  and  deformable  and  are 
found  in  tree  frogs,  cockroaches,  grasshoppers,  and  bugs.  The  hairy  types  consist  of 
long  deformable  setae  and  are  found  in  many  insects  (e.g.,  beetles,  flies),  spiders, 
and  lizards.  The  microstructures  utilized  by  beetles,  flies,  spiders,  and  geckoes  have 
similar  structures,  as  can  be  seen  in  Fig.  21.1a.  As  the  size  (mass)  of  the  creature 
increases,  the  radius  of  the  terminal  attachment  elements  decreases.  This  allows 
a  greater  number  of  setae  to  be  packed  into  an  area,  hence  increasing  the  linear 
dimension  of  contact  and  the  adhesion  strength.  Arzt  et  al.  [17]  determined  that  the 
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Fig.  21.1  (a)  Terminal  elements  of  the  hairy  attachment  pads  of  a  beetle,  fly,  spider,  and  gecko 
shown  at  two  different  scales  (after  [17])  and  (b)  the  dependence  of  terminal  element  density  on 
body  mass  (after  [34]).  Data  from  Arzt  et  al.  [17]  and  Kesel  et  al.  [35] 
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density  of  the  terminal  attachment  elements  pA/m  strongly  increases  with  increasing 
body  mass  m  in  g.  In  fact,  a  master  curve  can  be  fitted  for  all  the  different  species 
(Fig.  21.1b) 


logpA=  13.8  +  0.669  log  m. 


(21.1) 


The  correlation  coefficient  of  the  master  curve  is  0.919.  Beetles  and  flies 
have  the  largest  attachment  pads  and  the  lowest  density  of  terminal  attachment 
elements.  Spiders  have  highly  refined  attachment  elements  that  cover  the  leg  of 
the  spider.  Geckoes  have  both  the  highest  body  mass  and  greatest  density  of 
terminal  elements  (spatulae).  Spiders  and  geckoes  can  generate  high  dry  adhe- 
sion, whereas  beetles  and  flies  increase  adhesion  by  secreting  liquid  stored 
generally  within  a  spongy  layer  of  cuticle  and  delivered  at  the  contacting  sur- 
face through  a  system  of  porous  channels  [1,  17,  35].  It  should  be  noted  that,  in 
the  smooth  attachment  system  discussed  earlier,  this  secretion  is  essential  for 
attachment. 

It  should  be  noted  that  Peattie  and  Full  [36]  have  revisited  the  scaling  of 
terminal  attachment  elements  with  body  mass  using  a  phylogenetic  approach. 
It  their  work,  a  larger  set  of  species  (81)  over  a  wider  range  of  body  mass  and 
setal  morphology  were  considered.  They  found  that  fiber  morphology  is  better 
predicted  by  evolutionary  history  and  adhesion  mechanism  (dry  or  wet)  than  by 
body  mass. 

Figure  21.2  shows  scanning  electron  micrographs  of  the  end  of  the  legs  of 
two  flies  -  fruit  fly  {Drosophila  melanogaster)  and  syrphid  fly.  The  fruit  fly 
uses  setae  with  flattened  tips  (spatulae)  on  two  hairy  rods  for  attachment  to 
smooth  surfaces  and  two  front  claws  for  attachment  to  rough  surfaces.  The  front 
claws  are  also  used  for  locomotion.  The  syrphid  fly  uses  setae  on  the  legs  for 
attachment.  In  both  cases,  fluid  is  secreted  at  the  contacting  surface  to  increase 
adhesion. 


End  of  the  legs  of  fruit  fly 
(Drosophila  melanogaster) 


End  of  the  leg  of  syrphid  fly 


Fig.  21.2    SEM  micrographs  of  the  end  of  the  legs  of  fruit  fly  (Drosophila  melanogaster)  and 
syrphid  fly  (after  [1]) 
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21.3.1     Construction  of  the  Tokay  Gecko 

The  explanation  for  the  adhesion  properties  of  gecko  feet  can  be  found  in  the  sur- 
face morphology  of  the  skin  on  the  toes  of  the  gecko.  The  skin  is  comprised 
of  a  complex  hierarchical  structure  of  lamellae,  setae,  branches,  and  spatulae  [6], 
Figure  21.3  shows  various  scanning  electron  microscopy  (SEM)  micrographs  of 
a  gecko  foot,  showing  the  hierarchical  structure  down  to  the  nanoscale.  Figure  21.4 
shows  a  schematic  of  the  structure  and  Table  21.1  summarizes  the  surface  char- 
acteristics. The  gecko  attachment  system  consists  of  an  intricate  hierarchy  of  struc- 
tures beginning  with  lamellae,  soft  ridges  1-2  mm  in  length  [6]  that  are  located 
on  the  attachment  pads  (toes)  that  compress  easily  so  that  contact  can  be  made  with 


Fig.  21.3  (a)  Tokay  gecko  (after  [25]).  The  hierarchical  structures  of  a  gecko  foot:  (b)  a  gecko 
foot  (after  [25])  and  (c)  a  gecko  toe  (after  [9]).  Each  toe  contains  hundreds  of  thousands  of  setae 
and  each  seta  contains  hundreds  of  spatulae.  Scanning  electron  microscope  (SEM)  micrographs  of 
(d)  the  setae  (after  [37])  and  (e)  the  spatula  (after  [37])  (ST  -  seta,  SP  -  spatula,  BR  -  branch) 
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Upper  level  of  seta 
length  30-130  um 
diameter  5-10  um 
P 


Attachment  pads  total 
area  of  two  feet  ~  220  mm" 


To  lamella 


14000  mm 


Setae 


Tips  of  spatulae 
length  ~  0.5  pm 
width  0.2-0.3  um 
thickness  ~  0.01  um 


Middle  level  (branches) 
length  20-30  um 
diameter  1-2  um 


Lower  level  (spatulae) 
length  2-5  um 
diameter  0. 1-0.2  um 
p/seta  100-1000 


Fig.  21.4    Schematic  drawings  of  a  Tokay  gecko  including  the  overall  body,  one  foot,  a  cross- 
sectional  view  of  the  lamellae,  and  an  individual  seta;  p  represents  the  number  of  spatulae 


Table  21.1    Surface  characteristics  of  Tokay  gecko  feet  (Young's  modulus  of  surface  material, 
keratin  =  1-20  GPaa'b) 


Component 


Size 


Density 


Adhesive  force 


Seta 


Branch 


Spatula 

Tip  of  spatula 


30-130c~f/5-10c~f 
length/diameter  (um) 
20-30c/l-2c 
length/diameter  (um) 
2-570.  l-0.2cJ 
length/diameter  (um) 
«  0.5C'70.2-0.3C'7  sa  0.01j 
length/width/thickness  (um) 


14,000&h  setae/mm2 


100-l,000ca  spatulae 
per  seta 


194  uN1  (in  shear) 
«  20  uN1  (normal) 


1 1  nN   (normal) 


"Russell  [13] 

Bertram  and  Gosline  [45] 
cRuibal  and  Ernst  [6] 
dHiller  [7] 
eRussell  [12] 

Williams  and  Peterson  [14] 
gSchleich  and  Kastle  [15] 
hAutumn  and  Peattie  [16] 
'Autumn  et  al.  [25] 
JPersson  and  Gorb  [40] 
kHuber  et  al.  [29] 
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rough  bumpy  surfaces.  Tiny  curved  hairs  known  as  setae  extend  from  the  lamellae 
at  a  density  of  «14,000  per  mm2  [15].  These  setae  are  typically  30-130  urn  in 
length,  5-10  urn  in  diameter  [6,  7,  12, 14],  and  are  composed  primarily  of  /^-keratin 
[13,  38]  with  some  a-keratin  component  [39].  At  the  end  of  each  seta,  100-1,000 
spatulae  [6,  7],  typically  2-5  um  in  length  and  with  a  diameter  of  0.1-0.2  urn  [6], 
branch  out  and  form  the  points  of  contact  with  the  surface.  The  tips  of  the  spatulae 
are  rs  0.2-0.3  u.m  in  width  [6],  0.5  um  in  length,  and  0.01  urn  in  thickness  [40]  and 
garner  their  name  from  their  resemblance  to  a  spatula. 

The  attachment  pads  on  two  feet  of  the  Tokay  gecko  have  an  area  of  «220  mm  . 
About  three  million  setae  on  their  toes  that  branch  off  into  about  three  billion 
spatula  on  two  feet  can  produce  a  clinging  ability  of  ss  20  N  (vertical  force  required 
to  pull  a  lizard  down  a  nearly  vertical  (85°)  surface)  [8]  and  allow  them  to  climb 
vertical  surfaces  at  speeds  w  1  m/s  with  the  capability  to  attach  and  detach  their 
toes  in  milliseconds.  In  isolated  setae,  a  2.5  u.N  preload  yielded  adhesion  of 
20^-0  u.N,  and  thus  the  adhesion  coefficient,  which  represents  the  strength  of 
adhesion  as  a  function  of  preload,  ranges  from  8  to  16  [26]. 


21.3.2    Adhesion  Enhancement  During  Contact  with  Rough 
Surfaces 

Typical  rough,  rigid  surfaces  are  able  to  make  intimate  contact  with  a  mating 
surface  only  over  a  very  small  portion  of  the  perceived  apparent  area  of  contact. 
In  fact,  the  real  area  of  contact  is  typically  two  to  six  orders  of  magnitude  less  than 
the  apparent  area  of  contact  [41,  42,  43].  Autumn  et  al.  [26]  proposed  that  divided 
contacts  serve  as  a  means  for  increasing  adhesion.  The  surface  energy  approach  can 
be  used  to  calculate  adhesion  force  in  a  dry  environment  in  order  to  calculate  the 
effect  of  division  of  contacts.  If  the  tip  of  a  spatula  is  considered  as  a  hemisphere 
with  radius  R,  the  adhesion  force  of  a  single  contact  Fad,  based  on  the  so-called 
Johnson-Kendall-Roberts  (JKR)  theory  [44]  is  given  by 

FBi  =  |sWadi?,  (21.2) 

where  W^  is  the  work  of  adhesion  (units  of  energy  per  unit  area).  Equation  (21.2) 
shows  that  the  adhesion  force  of  a  single  contact  is  proportional  to  the  linear  dimen- 
sion of  the  contact.  For  a  constant  area  divided  into  a  large  number  of  contacts  or 
setae  n  the  radius  of  a  divided  contact,  Ru  is  given  by  /?!  =  R/y/n  (self-similar 
scaling)  [17].  Therefore,  the  adhesion  force  of  (21.2)  can  be  modified  for  multiple 
contacts  such  that 

F  ad  =  \  ^ad  C^S  n  =  Vnf«j,  (21 .3) 
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where  F!id  is  the  total  adhesion  force  from  the  divided  contacts.  Thus  the  total 
adhesive  force  is  simply  the  adhesion  force  of  a  single  contact  multiplied  by  the 
square  root  of  the  number  of  contacts. 

For  contact  in  a  humid  environment,  meniscus  (or  capillary)  forces  further 
increase  the  adhesion  force  [41, 42, 43].  The  attractive  meniscus  force  (Fm)  consists 
of  a  contribution  from  both  Laplace  pressure  and  surface  tension  (Sect.  21.4.2) 
[42,  46].  The  contribution  by  Laplace  pressure  is  directly  proportional  to  the 
meniscus  area.  The  other  contribution  is  from  the  vertical  component  of  the  surface 
tension  around  the  circumference.  This  force  is  proportional  to  the  circumference, 
as  is  the  case  for  the  work  of  adhesion  [42].  Going  through  the  analysis  presented 
earlier,  one  can  show  that  the  contribution  from  the  component  of  surface  tension 
increases  on  splitting  into  a  larger  number  of  contacts.  It  increases  linearly  with  the 
square  root  of  the  number  of  contacts  n  (self-similar  scaling)  [2,  47,  48] 

V    m  /  surface  tension-  Vw  (Am  J  surface  tension'  K^>--^) 

where  F'm  is  the  force  from  the  divided  contacts  and  Fm  is  the  force  of  an  individual 
contact.  This  component  of  meniscus  force  is  significant  if  the  meniscus  radius  is 
very  small  and  the  contact  angles  are  relatively  large. 

During  separation  of  two  surfaces,  the  viscous  force  Fv  of  the  divided  contacts  is 
given  by  [47,  48] 

K  =  —>  (21-5) 

n 

where  F'v  is  the  force  from  the  divided  contacts,  and  Fv  is  the  force  of  an  individual 
contact. 

The  models  just  presented  only  consider  contact  with  a  flat  surface.  Multiple- 
level  hierarchical  structure  of  the  gecko  provide  compliance  and  conformability  to 
rough  surfaces  in  order  to  achieve  high  adhesion.  The  flexibility  of  the  body  provides 
conformability  at  the  cm  scale.  Several  toes  on  the  feet  provide  conformability 
independently  at  the  several  mm  scale.  Lamellae  on  the  bottom  surfaces  of  the 
toes  provide  conformability  at  the  mm  scale.  The  setae  on  the  lamellae  provide 
conformability  at  the  several  urn  scale.  The  tips  of  the  setae  are  divided  into  spatulae 
which  provide  conformability  at  the  few  to  several  hundred  nm  scale.  To  summarize, 
on  natural  rough  surfaces,  the  compliance  and  adaptability  of  the  hierarchical 
structure  of  gecko  setae  allows  for  greater  contact  with  a  natural  rough  surface 
than  a  nonbranched  attachment  system  [3,  30,  31,  32,  33,  49].  Modeling  of  the 
contact  between  gecko  setae  and  rough  surfaces  is  discussed  in  detail  in  Sect.  21.6. 

Material  properties  also  play  an  important  role  in  adhesion.  A  soft  material  is 
able  to  achieve  greater  contact  with  a  mating  surface  than  a  rigid  material.  Although 
gecko  skin  is  primarily  comprised  of  /J-keratin,  a  stiff  material  with  a  Young's 
modulus  in  the  range  1-20  GPa  [13,  45],  the  effective  modulus  of  the  setal  arrays 
on  gecko  feet  is  «100  kPa  [50],  which  is  approximately  four  orders  of  magnitude 
lower  than  the  bulk  material.  The  Young's  modulus  of  gecko  skin  is  compared  with 
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Table  21.2    Young's  modulus  of  gecko  skin  and  other  materials  for  comparison 
Material  Young's  modulus 

/J-keratin,  mostly  present  in  gecko  skin  1-20  GPa 

Steel  210  GPa 

Cross-linked  rubber  1  MPa 

Consumer  adhesive  tape  (uncrosslinked  rubber)  1  kPa 

that  of  various  materials  in  Table  21.2.  The  surface  of  consumer  adhesive  tape  has 
been  selected  to  be  very  compliant  to  increase  the  contact  area  for  high  adhesion. 
Nature  has  selected  a  relatively  stiff  material  to  avoid  clinging  to  adjacent  setae. 
Nonorthogonal  attachment  angle  of  the  seta  increases  the  bending  stiffness.  Divi- 
sion of  contacts  and  hierarchical  structure,  as  discussed  earlier,  provide  high 
adhesion.  By  combining  optimal  surface  structure  and  material  properties,  Mother 
Nature  has  created  an  evolutionary  superadhesive. 


21.3.3    Peeling 

Although  geckoes  are  capable  of  producing  large  adhesion  forces,  they  retain  the 
ability  to  remove  their  feet  from  an  attachment  surface  at  will  by  peeling  action. 
The  orientation  of  the  spatulae  facilitates  peeling.  Autumn  et  al.  [25]  were  the  first 
to  show  experimentally  that  the  adhesion  force  of  gecko  setae  is  dependent  on  the 
three-dimensional  (3D)  orientation  as  well  as  the  preload  applied  during  attach- 
ment. Due  to  this  fact,  geckoes  have  developed  a  complex  foot  motion  during 
walking.  First,  the  toes  are  carefully  uncurled  during  detachment.  The  maximum 
adhesion  occurs  at  an  attachment  angle  of  30°  -  the  angle  between  a  seta  and  mating 
surface.  The  gecko  is  then  able  to  peel  its  foot  off  surfaces  one  row  of  setae  at 
a  time  by  changing  the  angle  at  which  its  setae  contact  the  surface.  At  an  attachment 
angle  >30°,  the  gecko  will  detach  from  the  surface. 

Shah  and  Sitti  [51]  determined  the  theoretical  preload  required  for  adhesion 
as  well  as  the  adhesion  force  generated  for  setal  orientations  of  30°,  40°,  50°,  and 
60°.  We  consider  a  solid  material  (elastic  modulus  E,  Poisson's  ratio  v)  to  make 
contact  with  the  rough  surface  described  by 


/(x)=//sinM  — I,  (21.6) 

where  H  is  the  amplitude  and  x  lS  the  wavelength  of  the  roughness  profile.  For 
a  solid  adhesive  block  to  achieve  intimate  contact  with  the  rough  surface,  neglect- 
ing surface  forces,  it  is  necessary  to  apply  a  compressive  stress  ac  [52] 

(21.7, 


22(1 ->'2) 


Equation  (21.7)  can  be  modified  to  account  for  fibers  oriented  at  an  angle  0.  The 
preload  required  for  contact  is  summarized  in  Fig.  21.5a.  As  the  orientation  angle 
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Fig.  21.5    Contact  mechanics 
results  for  the  effect  of  fiber 
orientation  on  (a)  preload 
and  (b)  adhesive  force  for 
roughness  amplitude  of 
0-2,500  nm  (after  [51]). 
(c)  Finite-element  analysis 
of  the  adhesive  force  of 
a  single  seta  as  a  function 
of  pull  direction  (after  [37]) 
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decreases,  so  does  the  required  preload.  Similarly,  the  adhesion  strength  is  influ- 
enced by  fiber  orientation.  As  seen  in  Fig.  21.5b,  the  greatest  adhesion  force  occurs 
at  0  =  30°. 

Gao  et  al.  [37]  created  a  finite-element  model  of  a  single  gecko  seta  in  contact 
with  a  surface.  A  tensile  force  was  applied  to  the  seta  at  various  angles  0,  as  shown  in 
Fig.  21.5c.  For  forces  applied  at  an  angle  <30°,  the  dominant  failure  mode  was 
sliding.  On  the  contrary,  the  dominant  failure  mode  for  forces  applied  at  angles  >30° 
was  detachment.  This  verifies  the  results  of  Autumn  et  al.  [25]  that  detachment 
occurs  at  attachment  angles  >30°. 

Tian  et  al.  [53]  have  suggested  that,  during  detachment,  the  angular  dependence 
of  both  adhesion  and  friction  plays  a  role.  The  pulling  force  of  a  spatula  along 
its  shaft  with  an  angle  between  0°  and  90°  to  the  substrate  has  a  normal  adhesion 
force  produced  at  the  spatula-substrate  bifurcation  zone  and  a  lateral  friction  force 
contribution  from  the  part  of  the  spatula  still  in  contact  with  the  substrate.  High  net 
friction  and  adhesion  forces  on  the  whole  gecko  are  obtained  by  rolling  down 
and  gripping  the  toes  inward  to  realize  small  pulling  angles  of  the  large  number 
of  spatulae  in  contact  with  the  substrate.  To  detach,  the  high  adhesion/friction  is 
rapidly  reduced  to  a  very  low  value  by  rolling  the  toes  upward  and  downward, 
which,  mediated  by  the  lever  function  of  the  setal  shaft,  peels  the  spatula  off  from 
the  substrate  perpendicularly. 


21.3.4    Self-cleaning 

Natural  contaminants  (dirt  and  dust)  as  well  as  manmade  pollutants  are  unavoidable 
and  have  the  potential  to  interfere  with  the  clinging  ability  of  geckoes.  Particles 
found  in  the  air  consist  of  particulates  that  are  typically  <10  urn  in  diameter,  while 
those  found  on  the  ground  can  often  be  larger  [55,  56].  Intuitively,  it  seems  that 
the  great  adhesion  strength  of  gecko  feet  would  cause  dust  and  other  particles  to 
become  trapped  in  the  spatulae  and  that  they  would  have  no  way  of  being  removed 
without  some  sort  of  manual  cleaning  action  on  behalf  of  the  gecko.  However, 
geckoes  are  not  known  to  groom  their  feet  like  beetles  [57],  nor  do  they  secrete 
sticky  fluids  to  remove  adhering  particles  like  ants  [58]  and  tree  frogs  [59],  yet  they 
retain  adhesive  properties.  One  potential  source  of  cleaning  is  during  the  time  when 
the  lizards  undergo  molting,  or  the  shedding  of  the  superficial  layer  of  epidermal 
cells.  However,  this  process  only  occurs  approximately  once  per  month  [60].  If 
molting  were  the  sole  source  of  cleaning,  the  gecko  would  rapidly  lose  its  adhesive 
properties  as  it  was  exposed  to  contaminants  in  nature  [54]. 

Hansen  and  Autumn  [54]  tested  the  hypothesis  that  gecko  setae  become  cleaner 
with  repeated  use  -  a  phenomenon  known  as  self-cleaning.  The  cleaning  ability 
of  gecko  feet  was  first  tested  experimentally  by  applying  2.5  um-radius  silica- 
alumina  ceramic  microspheres  to  clean  setal  arrays.  Figure  21.6a  shows  the  setal 
arrays  immediately  after  dirtying  and  after  five  simulated  steps.  It  is  noted 
that  a  significant  fraction  of  the  particles  have  been  removed  after  five  steps. 
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Fig.  21.6    (a)  SEM  image  of 
spatulae  after  dirtying  with 
microspheres  (top)  and  after 
five  simulated  steps  (bottom). 
(b)  Mean  shear  stress  exerted 
by  a  gecko  on  a  surface  after 
dirtying.  The  dotted  line 
represents  sufficient  recovery 
to  support  weight  by  a  single 
toe  (after  [54]) 
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The  maximum  shear  stress  that  these  dirty  arrays  could  withstand  was  measured 
using  a  sensor.  After  each  step  that  the  gecko  took,  the  shear  stress  was  once  again 
measured.  As  seen  in  Fig.  21.6b,  after  four  steps,  the  gecko  foot  was  clean  enough 
to  withstand  its  own  body  weight. 

In  order  to  understand  this  cleaning  process,  substrate-particle  interactions  must 
be  examined.  The  interaction  energy  between  a  dust  particle  and  a  wall  and  spatulae 
can  be  modeled  as  shown  in  Fig.  21.7.  The  interaction  energy  between  a  spherical 
dust  particle  and  the  wall  Wpw,  can  be  expressed  as  [61] 
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Fig.  21.7    Model  of 
interactions  between  gecko 
spatulae  of  radius  ffs,  a 
spherical  dirt  particle  of 
radius  Rp,  and  a  planar 
wall,  enabling  self-cleaning 
(after  [54]) 


Hpv/Rp 

yy  nw  — 


pw 


6DD 


(21.8) 


where  p  and  w  refer  to  the  particle  and  wall,  respectively.  H  is  the  Hamaker 
constant,  Rp  is  the  radius  of  the  particle,  and  Dpw  is  the  separation  distance  between 
the  particle  and  the  wall.  Similarly,  the  interaction  energy  between  a  spherical  dust 
particle  and  a  spatula  s,  assuming  that  the  spatula  tip  is  spherical,  is  [61] 
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The  ratio  of  the  two  interaction  energies  Z  can  be  expressed  as 


(21.9) 
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(21.10) 


When  the  energy  required  to  separate  a  particle  from  the  wall  is  greater  than  that 
required  to  separate  it  from  a  spatula  (Z  >  1),  self-cleaning  will  occur.  For  small 
contaminants  (Rp  <  0.5  pm),  there  are  not  enough  spatulae  available  to  adhere 
to  the  particle.  For  larger  contaminants,  the  curvature  of  the  particles  makes  it 
impossible  for  enough  spatulae  to  adhere  to  it.  As  a  result,  Hansen  and  Autumn  [54] 
concluded  that  self-cleaning  should  occur  for  all  spherical  spatulae  interacting  with 
all  spherical  particles. 


21.4    Attachment  Mechanisms 


When  asperities  of  two  solid  surfaces  are  brought  into  contact  with  each  other, 
chemical  and/or  physical  attraction  occurs.  The  force  developed  that  holds  the  two 
surfaces  together  is  known  as  adhesion.  In  a  broad  sense,  adhesion  is  considered  to 
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be  either  physical  or  chemical  in  nature  [41,  42,  43,  61,  62,  63,  64,  65,  66]. 
Chemical  interactions  such  as  electrostatic  attraction  charges  [20]  as  well  as  inter- 
molecular  forces  [7]  including  van  der  Waals  and  capillary  forces  have  all  been 
proposed  as  potential  adhesion  mechanisms  in  gecko  feet.  Others  have  hypothe- 
sized that  geckoes  adhere  to  surfaces  through  the  secretion  of  sticky  fluids  [18,  19], 
suction  [19],  increased  frictional  force  [21],  and  microinterlocking  [22], 

Through  experimental  testing  and  observations  conducted  over  the  last  century 
and  a  half  many  potential  adhesive  mechanisms  have  been  eliminated.  Observation 
has  shown  that  geckoes  lack  any  glands  capable  of  producing  sticky  fluids  [18,  19], 
thus  ruling  out  the  secretion  of  sticky  fluids  as  a  potential  adhesive  mechanism. 
Furthermore,  geckoes  are  able  to  create  large  adhesive  forces  normal  to  a  surface. 
Since  friction  only  acts  parallel  to  a  surface,  the  attachment  mechanism  of  increased 
frictional  force  has  been  ruled  out.  Dellit  [22]  experimentally  ruled  out  suction  and 
electrostatic  attraction  as  potential  adhesive  mechanisms.  Experiments  carried  out 
in  vacuum  did  not  show  a  difference  between  the  adhesive  force  at  low  pressures 
compared  with  under  ambient  conditions.  Since  adhesive  forces  generated  during 
suction  are  based  on  pressure  differentials,  which  are  insignificant  under  vacuum, 
suction  was  rejected  as  an  adhesive  mechanism  [22],  Additional  testing  utilized 
X-ray  bombardment  to  create  ionized  air  in  which  electrostatic  attraction  charges 
would  be  eliminated.  It  was  determined  that  geckoes  were  still  able  to  adhere  to 
surfaces  under  these  conditions,  and  therefore  electrostatic  charges  could  not  be  the 
sole  cause  of  attraction  [22].  Autumn  et  al.  [25]  demonstrated  the  ability  of  a  gecko 
to  generate  large  adhesive  forces  when  in  contact  with  a  molecularly  smooth  Si02 
microelectromechanical  system  (MEMS)  semiconductor.  Since  surface  roughness 
is  necessary  for  microinterlocking  to  occur,  it  has  also  been  ruled  out  as  a  mecha- 
nism of  adhesion.  Two  mechanisms,  van  der  Waals  forces  and  capillary  forces, 
remain  as  the  potential  sources  of  gecko  adhesion.  These  attachment  mechanisms 
are  described  in  detail  in  the  following  sections. 


21.4.1     van  der  Waals  Forces 

van  der  Waals  bonds  are  secondary  bonds  that  are  weak  in  comparison  with  other 
physical  bonds  such  as  covalent,  hydrogen,  ionic,  and  metallic  bonds.  Unlike  other 
physical  bonds,  van  der  Waals  forces  are  always  present,  regardless  of  separation, 
and  are  effective  from  very  large  separations  («50  nm)  down  to  atomic  separation 
(«0.3  nm).  The  van  der  Waals  force  per  unit  area  between  two  parallel  surfaces 
/vdw  is  given  by  [61,  67,  68] 

/vdw^^j,      forD<30nm,  (21.11) 

where  H  is  the  Hamaker  constant  and  D  is  the  separation  between  surfaces. 

Hiller  [7]  showed  experimentally  that  the  surface  energy  of  a  substrate  is  res- 
ponsible for  gecko  adhesion.  One  potential  adhesion  mechanism  would  then  be 


21     Gecko  Feet:  Natural  Hairy  Attachment  Systems  for  Smart  Adhesion  715 

van  der  Waals  forces  [24,  25].  Assuming  van  der  Waals  forces  to  be  the  dominant 
adhesion  mechanism  utilized  by  geckoes,  the  adhesion  force  of  a  gecko  can  be 
calculated.  Typical  values  of  the  Hamaker  constant  range  from  4  x  10~  '  to  4  x 
10~19  J  [61].  In  calculation,  the  Hamaker  constant  is  assumed  to  be  10~19  J,  the 
surface  area  of  a  spatula  is  taken  to  be  2  x  10~14  m2  [6,  14,  16],  and  the  separation 
between  the  spatula  and  contact  surface  is  estimated  to  be  0.6  nm.  This  equation 
yields  the  force  of  a  single  spatula  to  be  «  0.5  uN.  By  applying  the  surface  char- 
acteristics from  Table  21.1,  the  maximum  adhesion  force  of  a  gecko  is 
150-1,500  N  for  varying  spatula  density  of  100-1,000  spatulae/seta.  If  an  average 
value  of  550  spatulae/seta  is  used,  the  adhesion  force  of  a  single  seta  is  ss  270  uN, 
which  is  in  agreement  with  the  experimental  value  obtained  by  Autumn  et  al.  [25], 
which  will  be  discussed  later. 

Another  approach  to  calculate  the  adhesion  force  is  to  assume  that  the  spatulae 
are  cylinders  that  terminate  in  hemispherical  tips.  By  using  (21.2)  and  assuming  that 
the  radius  of  each  spatula  is  «  100  nm  and  that  the  surface  energy  is  expected  to  be 
50  mJ/m2  [17],  the  adhesive  force  of  a  single  spatula  is  predicted  to  be  0.02  uN. 
This  result  is  an  order  of  magnitude  lower  than  the  first  approach  calculated  for 
the  higher  value  of  A.  For  a  lower  value  of  10~20  J  for  the  Hamaker  constant,  the 
adhesive  force  of  a  single  spatula  is  comparable  to  that  obtained  using  the  surface 
energy  approach. 

Several  experimental  results  favor  van  der  Waals  forces  as  the  dominant 
adhesive  mechanism,  including  temperature  testing  [27]  and  adhesion  force  mea- 
surements of  a  gecko  seta  with  both  hydrophilic  and  hydrophobic  surfaces  [25]. 
These  data  will  be  presented  in  Sects.  21.5.2-21.5.4. 


21.4.2     Capillary  Forces 

It  has  been  hypothesized  that  capillary  forces  that  arise  from  liquid-mediated 
contact  could  be  a  contributing  or  even  dominant  adhesive  mechanism  utilized 
by  gecko  spatulae  [7,  24].  Experimental  adhesion  measurements  (presented  later 
in  Sects.  21.5.3  and  21.5.4)  conducted  on  surfaces  with  different  hydrophobicities 
and  at  various  humidity  values  [28]  as  well  as  numerical  simulations  [33]  support 
this  hypothesis  as  a  contributing  mechanism.  During  contact,  any  liquid  that  wets 
or  has  a  small  contact  angle  on  surfaces  will  condense  from  vapor  in  the  form  of 
an  annular-shaped  capillary  condensate.  Due  to  the  natural  humidity  present  in 
the  air,  water  vapor  will  condense  to  liquid  on  the  surface  of  bulk  materials. 
During  contact  this  will  cause  the  formation  of  adhesive  bridges  (menisci)  due  to 
the  proximity  of  the  two  surfaces  and  the  affinity  of  the  surfaces  for  condensing 
liquid  [69,  70,  71]. 

In  the  adhesion  model  with  capillarity  by  Kim  and  Bhushan  [33],  the  tip  of  the 
spatula  in  a  single  contact  was  assumed  to  be  spherical  (Fig.  21.8).  The  total  adhe- 
sion force  between  a  spherical  tip  and  a  plane  consists  of  the  capillary  force  and  the 
solid-solid  interaction.  The  capillary  force  can  be  divided  into  two  components: 
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Fig.  21.8    Schematic 
of  a  sphere  on  a  plane  at 
a  distance  D  with  a  liquid  film 
in  between,  forming  menisci. 
In  this  figure,  R  is  the  tip 
radius,  cj>  is  the  filling  angle, 
9i  and  62  are  contact  angles 
on  the  sphere  and  plane, 
respectively,  and  r,  and  r2  are 
the  two  principal  radii  of  the 
curved  surface  in  two 
orthogonal  planes  (after  [33]) 


the  Laplace  force  FL  and  the  surface  tension  force  Fs. 
force  Fc  is 


such  that  the  total  capillary 


F, 


/V 


(21.12) 


The  Laplace  force  is  caused  by  the  pressure  difference  across  the  interface  of  a 
curved  liquid  surface  (Fig.  21.8)  and  depends  on  the  pressure  difference  multiplied 
by  the  meniscus  area,  which  can  be  expressed  as  [46] 


-TtKyR2  sin2  i 


(21.13) 


where  y  is  the  surface  tension  of  the  liquid,  R  is  the  tip  radius,  <jf)  is  the  filling  angle, 
and  k  is  the  mean  curvature  of  the  meniscus.  From  the  Kelvin  equation  [61],  which 
is  the  thermal  equilibrium  relation,  the  mean  curvature  of  meniscus  can  be  deter- 
mined as 


Vy     \po 


(21.14) 


where  5ft  is  the  universal  gas  constant,  T  is  the  absolute  temperature,  V  is  the 
molecular  volume,  po  is  the  saturated  vapor  pressure  of  the  liquid  at  T,  and  p  is 
the  ambient  pressure  acting  outside  the  curved  surface  (p/po  is  the  relative  humid- 
ity). Orr  et  al.  [46]  formulated  the  mean  curvature  of  a  meniscus  between  a  sphere 
and  a  plane  in  terms  of  elliptic  integrals.  The  filling  angle  <f>  can  be  calculated  from 
the  expression  just  mentioned  and  (21.14)  using  the  iteration  method.  Then  the 
Laplace  force  is  calculated  at  a  given  environment  using  (21.13). 

The  surface  tension  of  the  liquid  results  in  the  formation  of  a  curved  liquid-air 
interface.  The  surface  tension  force  acting  on  the  sphere  is  [46] 


Fs  =  2nRy  sin  (f>  sin(#i  +  <fi), 
where  0X  is  the  contact  angle  on  the  sphere. 


(21.15) 
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Hence,  the  total  capillary  force  on  the  sphere  is 

Fc  =  nRy{2  sin  <p  sin(0i  +  </>)  —  kR  sin  cf)}.  (21.16) 

The  effect  of  capillarity  on  gecko  adhesion  results  will  be  presented  in 
Sect.  21.6.4. 

21.5     Experimental  Adhesion  Test  Techniques  and  Data 

Experimental  measurements  of  the  adhesion  force  of  a  single  gecko  seta  [25]  and 
single  gecko  spatula  [29]  have  been  made.  The  effect  of  the  environment,  including 
temperature  [27,  72]  and  humidity  [28],  has  been  studied.  Some  of  the  data  has 
been  used  to  understand  the  adhesion  mechanism  utilized  by  the  gecko  attachment 
system  -  van  der  Waals  or  capillary  forces.  The  majority  of  experimental  results 
point  towards  van  der  Waals  forces  as  the  dominant  mechanism  of  adhesion 
[25,  27].  Recent  research  suggests  that  capillary  forces  can  be  a  contributing 
adhesive  factor  [28,  33]. 

21.5.1    Adhesion  Under  Ambient  Conditions 

Two  feet  of  a  Tokay  gecko  are  capable  of  producing  «20  N  of  adhesive  force  with 
a  pad  area  of  ss  220  mm  [8].  Assuming  that  there  are  « 14,000  setae/mm  ,  the 
adhesion  force  from  a  single  hair  should  be  «7  uN.  It  is  likely  that  the  magnitude  is 
actually  larger  than  this  value,  because  it  is  unlikely  that  all  setae  are  in  contact  with 
the  mating  surface  [25].  Setal  orientation  greatly  influences  adhesive  strength.  This 
dependency  was  first  noted  by  Autumn  et  al.  [25].  It  was  determined  that  the 
greatest  adhesion  occurs  at  30°.  In  order  to  determine  the  adhesion  mechanism(s) 
utilized  by  gecko  feet,  it  is  important  to  know  the  adhesion  force  of  a  single 
seta.  Hence,  the  adhesion  force  of  gecko  foot-hair  has  been  the  focus  of  several 
investigations  [25,  29]. 

Adhesion  Force  of  a  Single  Seta 

Autumn  et  al.  [25]  used  both  a  MEMS  force  sensor  and  a  wire  as  a  force  gage  to 
determine  the  adhesion  force  of  a  single  seta.  The  MEMS  force  sensor  is  a  dual-axis 
atomic  force  microscope  (AFM)  cantilever  with  independent  piezoresistive  sensors 
which  allows  simultaneous  detection  of  vertical  and  lateral  forces  [73].  The  wire 
force  gage  consisted  of  an  aluminum  bonding  wire  that  displaced  under  a  perpen- 
dicular pull.  Autumn  et  al.  [25]  discovered  that  the  setal  force  actually  depends  on 
the  three-dimensional  orientation  of  the  seta  as  well  as  the  preloading  force  applied 
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Fig.  21.9    Adhesive  force 
of  a  single  gecko  seta  as 
a  function  of  applied  preload. 
The  seta  was  first  pushed 
perpendicularly  against 
the  surface  and  then  pulled 
parallel  to  the  surface,  as 
shown  in  the  schematic 
(after  [25]) 


Adhesive  force  (uN) 
40 


4  6  8  10 

Perpendicular  preload  (uN) 


during  initial  contact.  Setae  that  were  preloaded  vertically  to  the  surface  exhibited 
only  one-tenth  of  the  adhesive  force  (0.6  ±  0.7  uN)  compared  with  setae  that  were 
pushed  vertically  and  then  pulled  horizontally  to  the  surface  (13.6  ±  2.6  uN).  The 
dependence  of  the  adhesion  force  of  a  single  gecko  spatula  on  perpendicular 
preload  is  illustrated  in  Fig.  21.9.  The  adhesion  force  increases  linearly  with  the 
preload,  as  expected  [41,  42,  65].  The  maximum  adhesion  force  of  a  single  gecko 
foot-hair  occurred  when  the  seta  was  first  subjected  to  a  normal  preload  and  then 
slid  5  urn  along  the  contacting  surface.  Under  these  conditions,  adhesion  force 
measured  194  ±  25  (J.N  (wlO  atm  adhesive  pressure). 


Adhesive  Force  of  a  Single  Spatula 


Huber  et  al.  [29]  used  atomic  force  microscopy  to  determine  the  adhesion  force  of 
individual  gecko  spatulae.  A  seta  with  four  spatulae  was  glued  to  an  AFM  tip.  The  seta 
was  then  brought  into  contact  with  a  surface  and  a  compressive  preload  of  90  nN  was 
applied.  The  force  required  to  pull  the  seta  off  of  the  surface  was  then  measured.  As 
seen  in  Fig.  21.10,  there  are  two  distinct  peaks  on  the  graph  -  one  at  10  nN  and  the 
other  at  20  nN.  The  first  peak  corresponds  to  one  of  the  four  spatulae  adhering  to  the 
contact  surface,  while  the  peak  at  20  nN  corresponds  to  two  of  the  four  spatulae 
adhering  to  the  contact  surface.  The  average  adhesion  force  of  a  single  spatula  was 
found  to  be  10.8  ±  1  nN.  The  measured  value  is  in  agreement  with  the  measured 
adhesive  strength  of  an  entire  gecko  (of  the  order  of  109  spatulae  on  a  gecko). 
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Fig.  21.10    Histogram  of 
the  adhesive  force  of  a  single 
gecko  spatula.  The  peak  at 
10  nN  corresponds  to  the 
adhesive  force  of  one  spatula 
and  the  peak  at  20  nN 
corresponds  to  the  adhesive 
force  of  two  spatulae 
(after  [29]) 


Number  of  data  points 
100  + 

90 


80 
70 
60 

50 
40 
30 
20 
10 


■I II II I   ,. 


IL 


0     5    10    15    20    25    30    35 

Adhesive  force  (nN) 

21.5.2    Effects  of  Temperature 

Environmental  factors  are  known  to  affect  several  aspects  of  vertebrate  function, 
including  speed  of  locomotion,  digestion  rate,  and  muscle  contraction,  and  as  a  result 
several  studies  have  been  completed  to  investigate  impact  of  environmental  on  these 
functions.  Relationships  between  the  environment  and  other  properties  such  as  adhe- 
sion are  far  less  studied  [27].  Only  two  known  studies  exist  that  examine  the  affect  of 
temperature  on  the  clinging  force  of  the  gecko  [27,  72].  Losos  [72]  examined  the 
adhesion  ability  of  large  live  geckoes  at  temperatures  up  to  17°C.  Bergmann  and 
Irschick  [27]  expanded  upon  this  research  for  body  temperatures  ranging  from  15  to 
35°C.  The  geckoes  were  incubated  until  their  body  temperature  reached  a  desired 
level.  The  clinging  ability  of  these  animals  was  then  determined  by  measuring  the 
maximum  force  exerted  by  the  geckoes  as  they  were  pulled  off  a  custom-built  force 
plate.  The  clinging  force  of  a  gecko  for  the  experimental  test  range  is  plotted  in 
Fig.  21.11.  It  was  determined  that  variation  in  temperature  does  not  statistically 
significantly  affect  the  adhesion  force  of  a  gecko.  From  these  results,  it  was  concluded 
that  the  temperature  independence  of  adhesion  supports  the  hypothesis  of  clinging  as 
a  passive  mechanism  (i.e.,  van  der  Waals  forces).  Both  studies  only  measured  the 
overall  clinging  ability  on  the  macroscale.  There  have  not  been  any  investigations  into 
the  effects  of  temperature  on  the  clinging  ability  of  a  single  seta  on  the  microscale, 
and  therefore  testing  in  this  area  would  be  extremely  important. 


21.5.3    Effects  of  Humidity 


Huber  et  al.  [28]  employed  similar  methods  to  [29]  (discussed  previously)  in 
order  to  determine  the  adhesive  force  of  a  single  spatula  at  varying  humidity. 


720 


B.  Bhushan 


Fig.  21.11    Adhesive  force 
of  a  gecko  as  a  function 
of  temperature  (after  [27]) 
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Measurements  were  made  using  an  AFM  placed  in  an  airtight  chamber.  The  humi- 
dity was  adjusted  by  varying  the  flow  rate  of  dry  nitrogen  into  the  chamber.  The  air 
was  continuously  monitored  with  a  commercially  available  hygrometer.  All  tests 
were  conducted  at  ambient  temperature. 

As  seen  in  Fig.  21.12,  even  at  low  humidity,  the  adhesion  force  is  large.  An 
increase  in  humidity  further  increases  the  overall  adhesion  force  of  a  gecko  spatula. 
The  pull-off  force  roughly  doubled  as  the  humidity  was  increased  from  1.5%  to 
60%.  This  humidity  effect  can  be  explained  in  two  ways:  (1)  by  standard  capillarity 
or  (2)  by  a  change  of  the  effective  short-range  interaction  due  to  absorbed  mono- 
layers of  water  -  in  other  words,  the  water  molecules  increase  the  number  of  van  der 
Waals  bonds  that  are  made.  Based  on  this  data,  van  der  Waals  forces  are  the  primary 
adhesion  mechanism,  and  capillary  forces  are  a  secondary  adhesive  mechanism. 


21.5.4    Effects  of  Hydrophobicity 


To  further  test  the  hypothesis  that  capillary  forces  play  a  role  in  gecko  adhesion,  the 
spatular  pull-off  force  was  determined  for  contact  with  both  hydrophilic  and 
hydrophobic  surfaces.  As  seen  in  Fig.  21.13a,  the  capillary  adhesion  theory  predicts 
that  a  gecko  spatula  will  generate  a  greater  adhesion  force  when  in  contact  with 
a  hydrophilic  surface  as  compared  with  a  hydrophobic  surface,  while  the  van  der 
Waals  adhesion  theory  predicts  that  the  adhesion  force  between  a  gecko  spatula  and 
a  surface  will  be  the  same  regardless  of  the  hydrophobicity  of  the  surface  [26]. 
Figure  21.13b  shows  the  shear  stress  of  a  whole  gecko  and  the  adhesive  force  of 
a  single  seta  on  hydrophilic  and  hydrophobic  surfaces.  The  data  shows  that  the 
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Fig.  21.12    Humidity  effects  on  spatular  pull-off  force  (inset).  The  increase  in  water  film  thickness 
on  a  Si  wafer  with  increasing  humidity  (after  [28]) 


adhesion  values  are  the  same  on  both  surfaces.  This  supports  the  van  der  Waals 
prediction  of  Fig.  21.13a.  Huber  et  al.  [28]  found  that  the  hydrophobicity  of  the 
attachment  surface  had  an  effect  on  the  adhesion  force  of  a  single  gecko  spatula  as 
shown  in  Fig.  21.13c.  These  results  show  that  adhesion  force  has  a  finite  value  for 
a  superhydrophobic  surface  and  increases  as  the  surface  becomes  hydrophilic.  It  is 
concluded  that  van  der  Waals  forces  are  the  primary  mechanism,  and  capillary 
forces  further  increase  the  adhesion  force  generated. 


21.6     Adhesion  Modeling 


With  regard  to  the  natural  living  conditions  of  the  animals,  the  mechanics  of  gecko 
attachment  can  be  separated  into  two  parts:  the  mechanics  of  adhesion  of  a  single 
contact  to  a  flat  surface,  and  the  adaptation  of  a  large  number  of  spatulae  to 
a  natural,  rough  surface.  Modeling  of  the  mechanics  of  adhesion  of  spatulae  to 
a  smooth  surface,  in  the  absence  of  meniscus  formation,  was  developed  by  Autumn 
et  al.  [26],  Jagota  and  Bennison  [52],  and  Arzt  et  al.  [17].  As  discussed  in  Sect. 
21.3.2,  the  adhesion  force  of  multiple  contacts  F' ad  can  be  increased  by  dividing  the 
contact  into  a  large  number  (»)  of  small  contacts,  while  the  nominal  area  of  the 
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Fig.  21.13  (a)  Capillary  and  van  der  Waals  adhesion  predictions  for  the  relative  magnitude  of  the 
adhesive  force  of  gecko  setae  to  hydrophilic  and  hydrophobic  surfaces  (after  [26]).  (b)  Results  of 
adhesion  testing  for  a  whole  gecko  and  single  seta  with  hydrophilic  and  hydrophobic  surfaces 
(after  [26])  and  (c)  results  of  adhesive  force  test  of  a  single  gecko  spatula  with  surfaces  with 
different  contact  angles  (after  [28]) 

contact  remains  the  same  F 'ad  a  y/nF^.  However,  this  model  only  considers  contact 
with  a  flat  surface.  On  natural,  rough  surfaces,  the  compliance  and  adaptability  of 
setae  are  the  primary  sources  of  high  adhesion.  As  stated  earlier,  the  hierarchical 


21     Gecko  Feet:  Natural  Hairy  Attachment  Systems  for  Smart  Adhesion  723 

Table  21.3    Geometrical  size,  calculated  stiffness,  and  typical  densities  of  branches  of  seta  for 
Tokay  gecko  [30] 

Level  of  seta   Length  (um)    Diameter  (um)    Bending  stiffness3  (N/m)    Typical  density  (#/mm  ) 

14  x  103 


III  upper 

75 

5 

2.908 

II  middle 

25 

1 

0.126 

I  lower 

2.5 

0.1 

0.0126 

"for  elastic  modulus  of  10  GPa  with  load  applied  at  60°  to  spatula  long  axis 

structure  of  gecko  setae  allows  for  greater  contact  with  a  natural,  rough  surface  than 
a  nonbranched  attachment  system  [49]. 

Bhushan  et  al.  [3]  and  Kim  and  Bhushan  [30,  31,  32,  33]  have  approximated 
a  gecko  seta  in  contact  with  random  rough  surfaces  using  a  hierarchical  spring 
model.  Each  level  of  springs  in  their  model  corresponds  to  a  level  of  seta  hierarchy. 
The  upper  level  of  springs  corresponds  to  the  thicker  part  of  gecko  setae,  the  middle 
spring  level  corresponds  to  the  branches,  and  the  lower  level  of  springs  corresponds 
to  the  spatulae.  The  upper  level  is  the  thickest  branch  of  the  seta.  It  is  75  urn 
in  length  and  5  um  in  diameter.  The  middle  level,  referred  to  as  a  branch,  has 
a  length  of  25  um  and  a  diameter  of  1  urn.  The  lower  level,  called  a  spatula,  is  the 
thinnest  branch,  with  a  length  of  2.5  um  and  a  diameter  of  w  0.1  um  (Table  21.3). 
As  reported  earlier,  Autumn  et  al.  [25]  showed  that  the  optimal  attachment  angle 
between  the  substrate  and  a  gecko  seta  is  30°  in  the  single-seta  pull-off  experiment. 
This  finding  is  supported  by  the  adhesion  models  of  setae  as  cantilever  beams 
[37,51]  (see  Sect.  21.3.3  for  more  details).  Therefore,  6  was  fixed  at  30°  in  the  studies 
by  Bhushan  et  al.  [3]  and  Kim  and  Bhushan  [30,  31,  32,  33]  presented  below. 


21.6.1     Single-Spring  Contact  Analysis 

In  their  analysis,  Bhushan  et  al.  [3]  and  Kim  and  Bhushan  [30,  31,  32,  33]  assumed 
the  tip  of  the  spatula  in  a  single  contact  to  be  spherical.  The  springs  on  every  level  of 
hierarchy  have  the  same  stiffness  as  the  bending  stiffness  of  the  corresponding 
branches  of  seta.  If  the  beam  is  oriented  at  an  angle  0  to  the  substrate  and  the  contact 
load  F  is  aligned  normal  to  the  substrate,  its  components  along  and  tangential  to  the 
direction  of  the  beam,  F  cos  0  and  F  sin  0,  give  rise  to  bending  and  compressive 
deformations,  <5b  and  <5C,  respectively,  of  [74] 

F  cos  Oil,        „       F  sin  0lm 

4  = -,     <5c= -,  (21.17) 

3EI      '  ACE     '  y  ' 

where  /  =  nRm/4  and  Ac  =  nRm  are  the  moments  of  inertia  of  the  beam  and  the 
cross-sectional  area,  respectively,  /„,  and  R„,  are  the  length  and  radius  of  seta 
branches,  respectively,  and  m  is  the  level  number.  The  net  displacement,  8±  normal 
to  the  substrate,  is  given  by 

5±  =  Sc  sin  0  +  8h  cos  6.  (21.18) 
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Using  (21.17)  and  (21.18),  the  stiffness  of  seta  branches  k,„  is  calculated  as  [75] 

«RlE  (21.19) 


M         I       ■    2nd     ,    <  cot2 1 

/„,  sin  Oil  +    '"3R2 

For  an  assumed  elastic  modulus  E  of  seta  material  of  10  GPa  with  a  load  applied 
at  an  angle  of  60°  to  spatulae  long  axis,  Kim  and  Bhushan  [30]  calculated  the 
stiffness  of  every  level  of  seta  as  given  in  Table  21.3. 

In  the  model,  both  the  tips  of  a  spatula  and  the  asperity  summits  of  the  rough 
surface  are  assumed  to  be  spherical  with  constant  radius  [3].  As  a  result,  a  single 
spatula  adhering  to  a  rough  surface  was  modeled  as  the  interaction  between  two 
spherical  tips.  Because  /5-keratin  has  a  high  elastic  modulus  [13,  45],  the  adhesion 
force  between  two  round  tips  was  calculated  according  to  the  Derjaguin-Muller- 
Toporov  (DMT)  theory  [76]  as 

Fad  =  2nRcWad,  (21.20) 

where  Rc  is  the  reduced  radius  of  contact,  which  is  calculated  as  Rc  =  (l//?i  + 
l/R2)~1;  Ri  and  R2  are  the  radii  of  the  contacting  surfaces:  Rx  =  R2,  Rc  =  R/2. 
The  work  of  adhesion  Wa<j  is  then  calculated  using  (21.21)  for  two  flat  surfaces 
separated  by  a  distance  D  [61] 

^  =  -12^'  (2L21) 

where  H  is  the  Hamaker  constant,  which  depends  on  the  medium  between  the  two 
surfaces.  Typical  values  of  the  Hamaker  constant  for  polymers  are  H^T  =  10_1  J 
in  air  and  //Water  =  3.7  x  10~20  J  in  water  [61].  For  a  gecko  seta,  which  is 
composed  of  /?-keratin,  the  value  of  H  is  assumed  to  be  10-19  J.  The  work  of 
adhesion  of  two  surfaces  in  contact  separated  by  an  atomic  distance  D  ps  0.2  nm 
is  ps  66  mJ/m  [61].  By  assuming  that  the  tip  radius  R  is  50  nm,  using  (21.20), 
the  adhesion  force  of  a  single  contact  is  calculated  as  10  nN  [30].  This  value  is 
identical  to  the  adhesion  force  of  a  single  spatula  measured  by  Huber  et  al.  [29]. 
This  adhesion  force  is  used  as  a  critical  force  in  the  model  for  judging  whether 
the  contact  between  the  tip  and  the  surface  is  broken  or  not  during  pull-off  cycle  [3] . 
If  the  elastic  force  of  a  single  spring  is  less  than  the  adhesion  force,  the  spring 
is  regarded  as  having  been  detached. 


21.6.2    Multilevel  Hierarchical  Spring  Analysis 

In  order  to  study  the  effect  of  the  number  of  hierarchical  levels  in  the  attachment 
system  on  attachment  ability,  models  with  one  [3,  30,  31],  two  [3,  30,  31],  and  three 
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Fig.  21.14    One-,  two-,  and 
three-level  hierarchical  spring 
models  for  simulating  the 
effect  of  hierarchical 
morphology  on  interaction  of 
a  seta  with  a  rough  surface.  In 
this  figure,  /t.ttjti  are  the 
lengths  of  the  structures,  Sj  is 
the  space  between  spatulae, 
^i.n.in  are  tne  stiffnesses  of 
the  structures,  I,  II,  and  III 
are  level  indexes,  R  is  the 
tip  radius,  and  h  is  the 
distance  between  the  upper 
spring  base  of  each  model 
and  the  mean  line  of  the 
rough  profile  (after  [30]) 


One-level  hierarchy 


Two-level  hierarchy 


levels  [30,  31]  of  hierarchy  were  simulated  (Fig.  21.14).  The  one-level  model  has 
springs  with  length  /:  =  2.5  um  and  stiffness  £L  =  0.0126  N/m.  The  length  and 
stiffness  of  the  springs  in  the  two-level  model  are  /T  =  2.5  urn,  k\  =  0.0126  N/m 
and  ln  =  25  um,  kn  =  0.126  N/m  for  levels  I  and  II,  respectively.  The  three-level 
model  has  additional  upper-level  springs  with  /m  =  75  urn,  km  =  2.908  N/m  on 
the  springs  of  the  two-level  model,  which  is  identical  to  gecko  setae.  The  base  of 
the  springs  and  the  connecting  plate  between  the  levels  are  assumed  to  be  rigid. 
The  distance  Sj  between  the  neighboring  structures  of  level  I  is  0.35  urn,  obtained 
from  the  average  value  of  measured  spatula  density,  8  x  106  mm-2,  calculated  by 
multiplying  14,000  setae/mm2  by  an  average  of  550  spatula/seta  [15]  (Table  21.3). 
A  1:10  proportion  of  the  number  of  springs  in  the  upper  level  to  that  in  the  level 
below  was  assumed  [3].  This  corresponds  to  each  spring  at  level  III  being  connected 
to  ten  springs  on  level  II,  and  each  spring  on  level  II  being  connected  to  ten  springs 
on  level  I.  The  number  of  springs  on  level  I  considered  in  the  model  is  calculated  by 
dividing  the  scan  length  (2,000  urn)  by  the  distance  Si  (0.35  um),  which  corre- 
sponds to  5,700. 

The  spring  deflection  A/  was  calculated  as 


M  =  h-l 


o 


(21.22) 


where  h  is  the  position  of  the  spring  base  relative  to  the  mean  line  of  the  surface;  lQ 
is  the  total  length  of  a  spring  structure,  which  is  /0  =  /i  for  the  one-level  model, 
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Iq  =  li  +  In  f°r  the  two-level  model,  and  l0  =  k  +  In  +  /m  for  the  three-level 
model;  and  z  is  the  profile  height  of  the  rough  surface.  The  elastic  force  f  el  arising 
in  the  springs  at  a  distance  h  from  the  surface  was  calculated  for  the  one-level 
model  as  [3] 


Fe\  -  -ki^AljUj, 


,      '   '  (21.23) 

I  1     if  contact 

u,  =  < 

[0     if  no  contact 

where  p  is  the  number  of  springs  in  level  I  of  the  model.  For  the  two-level  model  the 
elastic  force  was  calculated  as  [3] 


7=1    ;=i 

(  1     if  contact 
Uji  =  < 

0     if  no  conotact 


(21.24) 


where  q  is  the  number  of  springs  in  level  II  of  the  model.  For  the  three-level  model 
the  elastic  force  was  calculated  as  [30] 

r         q        p 

F ei  =  -  J2  J2  J2  hji(Akji  -  A4,  -  Mj)ukji, 
k=i   ;=i    /=i 
.  (21.25) 

I  1     if  contact 


Ukji  = 


0     if  no  contact 


where  r  is  the  number  of  springs  in  level  III  of  the  model.  The  spring  force  when 
the  springs  approach  the  rough  surface  is  calculated  using  either  (21.23),  (21.24) 
or  (21.25)  for  one-,  two-,  and  three-level  models,  respectively.  During  pull-off,  the 
same  equations  are  used  to  calculate  the  spring  force.  However,  when  the  applied 
load  is  equal  to  zero,  the  springs  do  not  detach  due  to  the  adhesion  attraction  given 
by  (21.20).  The  springs  are  pulled  apart  when  the  pull-off  force  is  equal  to  the 
adhesion  force  at  the  interface.  The  adhesion  force  is  the  lowest  value  of  the  elastic 
force  Fci  when  the  seta  has  detached  from  the  contacting  surface. 
The  adhesion  energy  is  calculated  as 


W„ 


Fd(D)dD,  (21.26) 


where  D  is  the  distance  that  the  spring  base  moves  away  from  the  contacting 
surface.  The  lower  limit  of  the  distance  D  is  the  value  of  D,  where  Fel  is  first  zero 
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when  the  model  is  pulled  away  from  the  contacting  surface.  Also,  although  the 
upper  limit  of  the  distance  is  infinity,  in  practice,  the  Fel(D)  curve  is  integrated  to  an 
upper  limit  where  Fe]  increases  from  a  negative  value  to  zero.  Figure  21.15  shows 


Fig.  21.15    Flow  chart  for  the 
calculation  of  the  adhesion 
force  (Fad)  and  the  adhesion 
energy  (EaA)  for  the  three- 
level  hierarchical  spring 
model.  In  this  figure,  Fn  is  an 
applied  load,  fciji.m  and  'i.ii.m 
are  stiffnesses  and  lengths 
of  structures,  Alyi,  A/A.„ 
and  A/,;-  are  the  spring 
deformations  on  level  I,  II, 
and  III,  respectively,  i,  j,  and 
k  are  spring  indices  on  each 
level,  fj  is  the  elastic  force 
of  a  single  spring  and  faA  is 
the  adhesion  force  of  a 
single  contact  (after  [30]) 


Input  parameters 
Fn,  h,  ku,  km, Ni,  Nn,  Nm,  h,hi,lm 
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the  flow  chart  for  the  calculation  of  the  adhesion  force  and  the  adhesion  energy 
employed  by  Kim  and  Bhushan  [30]. 

The  random  rough  surfaces  used  in  the  simulations  were  generated  by  a  com- 
puter program  [41,  42],  Two-dimensional  profiles  of  surfaces  that  a  gecko  might 
encounter  were  obtained  using  a  stylus  profiler  [3].  These  profiles,  along  with  the 
surface  selection  methods  and  surface  roughness  parameters  [root-mean-square 
(RMS)  amplitude  er  and  correlation  length  /?  ]  for  scan  lengths  of  80,  400,  and 
2,000  urn,  are  presented  in  Sect.  21. A.  The  roughness  parameters  are  scale  depen- 
dent, and  therefore  adhesion  values  also  are  expected  to  be  scale  dependent.  As  the 
scan  length  was  increased,  the  measured  values  of  RMS  amplitude  and  correlation 
length  both  increased.  The  range  of  values  of  a  from  0.01  to  30  urn  and  a  fixed 
value  of  fi  =  200  um  were  used  for  modeling  the  contact  of  a  seta  with  random 
rough  surfaces.  The  chosen  range  covers  values  of  roughnesses  for  relatively 
smooth,  artificial  surfaces  to  natural,  rough  surfaces.  A  typical  scan  length  of 
2,000  urn  was  also  chosen,  which  is  comparable  to  a  lamella  length  of  gecko. 


21.6.3    Adhesion  Results  of  the  Multilevel  Hierarchical 
Spring  Model 

The  multilevel  hierarchical  spring  model  was  developed  by  Kim  and  Bhushan  [30]. 
They  obtained  various  useful  results  which  will  be  presented  next.  Figure  21.16a 
shows  the  calculated  spring  force-distance  curves  for  the  one-,  two-,  and  three-level 
hierarchical  models  in  contact  with  rough  surfaces  of  different  values  of  RMS 
amplitude  a  ranging  from  a  =  0.01  to  30  um  at  applied  load  of  1.6  uN,  which  was 
derived  from  the  gecko '  s  weight.  When  the  spring  model  is  pressed  against  the  rough 
surface,  contact  between  the  spring  and  the  rough  surface  occurs  at  point  A;  as  the 
spring  tip  presses  into  the  contacting  surface,  the  force  increases  up  to  point  B,  B' 
or  B".  During  pull  off,  the  spring  relaxes,  and  the  spring  force  passes  an  equilibrium 
state  (0  N);  tips  break  free  of  adhesion  forces  at  point  C,  C  or  C"  as  the  spring  moves 
away  from  the  surface.  The  perpendicular  distance  from  C,  C  or  C"  to  zero  is  the 
adhesion  force.  The  adhesion  energy  stored  during  contact  can  be  obtained  by 
calculating  the  area  of  the  triangle  during  the  unloading  part  of  the  curves  (21.26). 
Using  the  spring  force-distance  curves,  Kim  and  Bhushan  [30]  calculated  the 
adhesion  coefficient,  the  number  of  contacts  per  unit  length,  and  the  adhesion 
energy  per  unit  length  of  the  one-,  two-,  and  three-level  models  for  an  applied 
load  of  1.6  uN  and  a  wide  range  of  RMS  roughness  (a),  as  seen  in  the  left  graphs  of 
Fig.  21.16b.  The  adhesion  coefficient,  defined  as  the  ratio  of  the  pull-off  force  to  the 
applied  preload,  represents  the  strength  of  adhesion  with  respect  to  the  preload. 
For  the  applied  load  of  1 .6  uN,  which  corresponds  to  the  weight  of  a  gecko,  the 
maximum  adhesion  coefficient  is  ss  36  when  a  is  smaller  than  0.01  urn.  This 
means  that  a  gecko  can  generate  enough  adhesion  force  to  support  36  times  its 
body  weight.  However,  if  a  is  increased  to  1  urn,  the  adhesion  coefficient  for  the 
three-level  model  is  reduced  to  4.7.  It  is  noteworthy  that  the  adhesion  coefficient 
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Fig.  21.16  (continued) 
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Fig.  21.16  (a)  Force-  distance  curves  of  the  one-,  two-,  and  three-level  models  in  contact  with 
rough  surfaces  with  different  a  values  for  applied  load  of  1 .6  uN.  (b)  Adhesion  coefficient,  number 
of  contacts,  and  adhesion  energy  per  unit  length  of  profile  for  one-  and  multilevel  models  with 
increasing  a  value  (left figures),  and  relative  increases  between  multi-  and  one-level  models  (right- 
hand  side)  for  applied  load  of  1.6  uN.  The  value  of  km  in  the  analysis  is  2.908  N/m  (after  [30]) 


falls  <  1  when  the  contacting  surface  has  an  RMS  roughness  a  >  10  urn.  This 
implies  that  the  attachment  system  is  no  longer  capable  of  supporting  the  gecko's 
weight.  Autumn  et  al.  [25,  26]  showed  that,  in  isolated  gecko  setae  contacting  with 
the  surface  of  a  single-crystalline  silicon  wafer,  a  2.5  uN  preload  yielded  adhesion 
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of  20-40  (iN  and  thus  a  value  of  adhesion  coefficient  of  8-16,  which  supports  the 
simulation  results  of  Kim  and  Bhushan  [30]. 

Figure  21.16b  (top  left)  shows  that  the  adhesion  coefficient  for  the  one-level 
model  is  lower  than  that  for  the  three-level  model,  but  there  is  only  a  small  difference 
between  the  values  of  the  two-  and  three-level  models.  In  order  to  show  the  effect  of 
stiffness,  the  results  are  plotted  for  the  three-level  model  with  springs  in  level  III  with 
stiffness  10  times  smaller  than  originally.  It  can  be  seen  that  the  three-level  model 
with  a  third-level  stiffness  of  0. 1  km  has  a  20-30%  higher  adhesion  coefficient  than 
the  original  three-level  model.  The  results  also  show  that  the  trends  in  the  number 
of  contacts  are  similar  to  that  of  the  adhesive  force.  The  study  also  investigated 
the  effect  of  er  on  adhesion  energy.  It  was  determined  that  adhesion  energy  decreased 
with  increasing  a.  For  the  smooth  surface  with  a  =  0.01  urn,  the  adhesion  energies 
for  the  two-  and  three-level  hierarchical  models  are  2  and  2.4  times  larger  than  that 
for  the  one-level  model,  respectively,  but  the  adhesion  energy  decreases  rapidly 
at  surfaces  with  a  >  0.05  um;  and  in  every  model  it  finally  decreases  to  zero  at 
surfaces  with  a  >  10  urn.  The  adhesion  energy  for  the  three-level  model  with  0.1 
km  is  2-3  times  higher  than  that  for  the  original  three-level  model. 

In  order  to  demonstrate  the  effect  of  the  hierarchical  structure  on  adhesion 
enhancement,  Kim  and  Bhushan  [30]  calculated  the  increases  in  the  adhesion 
coefficient,  the  number  of  contacts,  and  the  adhesion  energy  of  the  two-,  three- 
and  three-level  (with  0. 1  lcm)  models  relative  to  the  one-level  model.  These  results 
are  shown  on  the  right  side  of  Fig.  21.16b.  It  was  found  that,  for  the  two-  and  three- 
level  models,  the  adhesion  coefficient  increases  slowly  with  increasing  a  and  has 
maximum  values  of  ss  70  and  80%  at  <7  =  1  urn,  respectively,  and  then  decreases 
for  surfaces  with  a  >  3  um.  The  condition  at  which  a  significant  enhancement 
occurs  is  related  to  the  maximum  spring  deformation,  which  is  the  applied  load 
divided  by  the  spring  stiffness.  If  the  maximum  spring  deformation  is  greater  than 
2-3  times  larger  than  the  a  value  of  the  surface  roughness,  significant  adhesion 
enhancement  occurs.  The  three-level  model  with  0.1  km  shows  significant  adhesion 
enhancement.  The  relative  increase  of  the  adhesion  coefficient  and  adhesion  energy 
for  the  three-level  model  with  0. 1  km  has  maximum  values  at  a  =  1  urn. 

Figure  21.17  shows  the  variation  of  adhesion  force  and  adhesion  energy  as 
a  function  of  applied  load  for  both  one-  and  three-level  models  contacting  a  surface 
with  ff=l  um.  It  is  shown  that,  as  the  applied  load  increases,  the  adhesion  force 
increases  up  to  a  certain  applied  load  and  then  has  a  constant  value,  whereas 
adhesion  energy  continues  to  increase  with  increasing  applied  load.  The  one-level 
model  has  a  maximum  value  of  adhesion  force  per  unit  length  of  rs  3  uN/mm 
at  an  applied  load  of  10  uN,  and  the  three-level  model  has  a  maximum  value 
of  «  7  uN/mm  at  an  applied  load  of  16  |iN.  However,  the  adhesion  coefficient 
continues  to  decrease  at  higher  applied  loads  because  the  adhesion  force  is  constant 
even  if  the  applied  load  increases. 

The  simulation  results  for  the  three-level  model,  which  is  close  to  gecko  setae, 
presented  in  Fig.  21.16  show  that  roughness  reduces  the  adhesion  force.  At  surfaces 
with  cr  >  10  urn,  the  ratio  of  the  adhesion  force  to  the  gecko  weight  indicates  that  it 
cannot  support  itself.  However,  in  practice,  a  gecko  can  cling  to  or  crawl  on  the 
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Fig.  21.17    The  adhesion  force,  adhesion  coefficient,  and  adhesion  energy  as  a  function  of  applied 
loads  for  both  one-  and  three -level  models  contacting  with  the  rough  surface  (after  [30]) 


surface  of  ceilings  with  higher  roughness.  Kim  and  Bhushan  [30]  did  not  consider 
the  effect  of  lamellae  in  their  study.  The  authors  state  that  the  lamellae  can  adapt 
to  the  waviness  of  a  surface  while  the  setae  allow  for  adaptation  to  micro-  or  nano- 
roughness  and  expect  that  adding  the  lamellae  of  gecko  skin  to  the  model  would 
lead  to  higher  adhesion  over  a  wider  range  of  roughness.  In  addition,  their  hierar- 
chical model  only  considers  deformation  normal  to  the  surface  and  the  motion  of 
setae.  It  should  be  noted  that  the  measurements  of  the  adhesion  force  of  a  single 
gecko  seta  made  by  Autumn  et  al.  [25]  demonstrated  that  a  load  applied  normal 
to  the  surface  was  insufficient  for  effective  attachment  of  seta. 

Finally  the  effects  of  spring  stiffness  and  the  number  of  springs  on  the  adhesion 
enhancement  of  the  multilevel  hierarchical  model  (one-  and  three-level  models 
with  four  different  spring  stiffnesses  and  three  different  numbers  of  springs)  were 
analyzed  by  Kim  and  Bhushan  [31].  The  stiffness  kx  was  taken  equal  to  0.0126  N/m, 
as  before.  Other  stiffnesses,  kn  and  km  were  normalized  with  respect  to  k\. 
The  three-level  model  with  km/ki  =  100  and  knlk\  =  10  had  similar  stiffness 
values  to  gecko  seta,  as  presented  in  Table  21.3  and  used  in  the  previous  example 
(Figs.  21.16  and  21.17).  The  left  part  in  Fig.  21.18  shows  the  adhesion  coefficient, 
number  of  contacts,  and  adhesion  energy  per  unit  length  for  the  one-  and  three-level 
models  with  four  different  spring  stiffnesses  as  a  function  of  a  value  for  an  applied 
load  of  1.6  uN.  Trends  as  a  function  of  a  are  the  same  as  observed  previously  in 
Fig.  21.16b.  For  the  case  of  km  =  /cn  =  k\,  one  gets  the  highest  value  (36)  of  the 
adhesion  coefficient  on  a  rough  surface,  and  it  remains  high  up  to  a  value  of  w  1  urn, 
and  then  starts  to  decrease.  As  the  stiffness  values  kn  and  km  increase,  the  adhe- 
sion coefficient  starts  to  decrease  at  lower  values  of  a,  and  it  decreases  rapidly 
with  increasing  a.  The  number  of  contacts  and  adhesion  energy  per  unit  length  as  a 
function  of  a  have  trends  similar  to  that  of  adhesion  coefficient.  The  right  part 
in  Fig.  21.18  shows  the  relative  increase  between  the  one-  and  three-level  models. 
The  trends  are  the  same  as  discussed  earlier. 
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Fig.  21.18  The  adhesion  coefficient,  number  of  contacts,  and  adhesion  energy  per  unit  length  of 
profile  for  one-  and  three-level  models  with  different  spring  stiffnesses  as  a  function  of  a  value  (left 
column),  and  relative  increases  between  one-  and  three-level  models  (right  column)  for  applied 
load  of  1.6  uN  (after  [31]) 


To  study  the  effect  of  the  number  of  springs,  three  different  cases  of  the  number 
of  springs  in  the  upper  level  compared  with  in  the  lower  level  were  considered.  The 
three-level  model  with  Ni/Nn  =10  and  Nn/Nm  =  10  is  closest  to  the  case  of  the 
gecko's  setae  (discussed  earlier).  Figure  21.19  shows  the  adhesion  force,  adhesion 
coefficient,  and  adhesion  energy  as  a  function  of  applied  loads  for  one-  and  three- 
level  models  with  different  numbers  of  springs  contacting  with  the  rough  surface. 
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Fig.  21.19   The  adhesive 
force,  adhesion  coefficient, 
and  adhesion  energy  as 
a  function  of  applied  loads  for 
one-  and  three-level  models 
with  different  number  of 
springs  contacting  with 
the  rough  surface  (after  [31]) 
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The  variation  of  the  number  of  springs  on  each  level  affects  the  equivalent  stiffness 
of  the  model.  As  the  number  of  springs  on  the  lower  level  increases,  the  equivalent 
stiffness  decreases.  The  figure  shows  that  the  three-level  model  with  Ni/Nn  —  100 
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and  Nu/Nm  =10  gives  the  largest  adhesion  force  and  adhesion  energy  among  the 
models,  because  the  equivalent  stiffness  is  lowest. 


21.6.4    Capillary  Effects 


Kim  and  Bhushan  [33]  investigated  the  effects  of  capillarity  on  gecko  adhesion  by 
considering  the  capillary  force  as  well  as  the  solid-solid  interaction.  The  Laplace 
and  surface  tension  components  of  the  capillary  force  are  treated  according  to 
Sect.  21.4.2.  The  solid-solid  adhesive  force  was  calculated  by  DMT  theory  accord- 
ing to  (21.20)  and  will  be  denoted  by  FDMT. 

The  work  of  adhesion  was  then  calculated  by  (21.21).  Kim  and  Bhushan  [33] 
assumed  typical  values  of  the  Hamaker  constant  to  be  //air  =  10_1  J  in  air  and 
#water  =  6.7  x  10_1  J  in  water  [61].  The  work  of  adhesion  of  two  surfaces  in 
contact  separated  by  an  atomic  distance  D  ss  0.2  nm  [61]  is  «  66  mJ/m2  in  air  and 
44  mJ/m2  in  water.  Assuming  the  tip  radius  R  to  be  50  nm,  the  DMT  adhesion  force 
FDMT  of  a  single  contact  in  air  and  in  water  is  /*dmt  =11  nN  and  /^dmt  =  7.3  nN, 
respectively.  As  the  humidity  increases  from  0%  to  100%,  the  DMT  adhesion 
force  will  take  a  value  between  Fomt  and  ^dmt  •  To  calculate  the  DMT  adhesion 
force  for  intermediate  humidity,  an  approximation  method  by  Wan  et  al.  [77]  was 
used.  The  work  of  adhesion  W^  for  the  intermediate  humidity  can  be  expressed  as 
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(21.27) 


where  h  is  the  separation  along  the  plane.  h{  is  the  water  film  thickness  at  a  filling 
angle  of  <j),  which  can  be  calculated  as 


hi  =D  +  R(l  -cos< 


(21.28) 


Therefore,  using  (21.20),  (21.27),  and  (21.28),  the  DMT  adhesion  force  for 
intermediate  humidity  is  given  by 


t'DMY  -^DMT-1  1  -  rr     ,    vn ~„  M\  /r>21  f  +^DMT< 


[1  +/?(!  -cos(/>)/D2] 


1 


[1+/?(1  -cos(/))/£)]2J 
(21.29) 


Finally,  Kim  and  Bhushan  [33]  calculated  the  total  adhesion  force  F ad  as  the  sum 
of  (2 1.1 6)  and  (21.29) 


^ad  —  ^c  +^DMT- 


(21.30) 
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Kim  and  Bhushan  [33]  then  used  the  total  adhesion  force  as  a  critical  force  in  the 
three-level  hierarchical  spring  model  discussed  previously.  In  the  spring  model  for 
gecko  seta,  if  the  force  applied  upon  spring  deformation  is  greater  than  the  adhesion 
force,  the  spring  is  regarded  as  having  been  detached. 

To  simulate  the  capillary  contribution  to  the  adhesion  force  for  a  gecko  spatula, 
Kim  and  Bhushan  [33]  set  the  contact  angle  on  a  gecko  spatula  tip  to  be  6X  —  128° 
[28].  It  was  assumed  that  the  spatula  tip  radius  R  =  50  nm,  the  ambient  temperature 
T  =  25°C,  the  surface  tension  of  water  y  =  73  mJ/m  ,  and  the  molecular  volume  of 
water  V  =  0.03  nm3  [61]. 

Figure  21.20a  shows  the  total  adhesion  force  as  a  function  of  relative  humidity 
for  a  single  spatula  in  contact  with  surfaces  with  different  contact  angles.  Total 
adhesion  force  decreases  with  an  increase  in  the  contact  angle  on  the  substrate,  and 


Fig.  21.20   (a)  Total 
adhesion  force  as  a  function 
of  relative  humidity  for 
a  single  spatula  in  contact 
with  surfaces  with 
different  contact  angles. 
(b)  Comparison  of  the 
simulation  results  of  Kim 
and  Bhushan  [33]  with 
the  measured  data  obtained 
by  Huber  et  al.  [28]  for 
a  single  spatula  in  contact 
with  hydrophilic  and 
hydrophobic  surfaces 
(after  [33]) 
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the  difference  of  total  adhesion  force  among  different  contact  angles  is  larger  in  the 
intermediate-humidity  regime.  As  the  relative  humidity  increases,  the  total  adhe- 
sion force  for  surfaces  with  contact  angles  <60°  has  a  higher  value  than  the  DMT 
adhesion  force  not  considering  wet  contact,  whereas  for  contact  angles  >60°,  the 
total  adhesion  force  has  lower  values  at  most  relative  humidity. 

The  simulation  results  of  Kim  and  Bhushan  [33]  are  compared  with  the 
experimental  data  by  Huber  et  al.  [28]  in  Fig.  21.20b.  Huber  et  al.  [28]  measured 
the  pull-off  force  of  a  single  spatula  in  contact  with  four  different  types  of  Si 
wafer  and  glass  at  ambient  temperature  of  25°C  and  relative  humidity  of  52%. 
According  to  their  description,  wafer  families  "N"  and  "T"  in  Fig.  21.20b  differ 
by  the  thickness  of  the  top  amorphous  Si  oxide  layer.  The  "phil"  type  is  cleaned  Si 
oxide  surface,  which  is  hydrophilic  with  a  water  contact  angle  of  «10°,  whereas 
the  "phob"  type  is  a  Si  wafer  covered  with  a  hydrophobic  monolayer,  resulting  in 
a  water  contact  angle  of  >100°.  The  glass  has  a  water  contact  angle  of  58°.  Huber 
et  al.  [28]  showed  that  the  adhesion  force  of  a  gecko  spatula  rises  significantly  for 
substrates  with  increasing  hydrophilicity  (adhesive  force  increases  by  a  factor  of 
two  as  the  mating  surfaces  go  from  hydrophobic  to  hydrophilic).  As  shown  in 
Fig.  21.20b,  the  simulation  results  of  Kim  and  Bhushan  [33]  closely  match  the 
experimental  data  of  Huber  et  al.  [28]. 

Kim  and  Bhushan  [33]  carried  out  adhesion  analysis  for  a  three-level  hierarchi- 
cal model  for  gecko  seta.  Figure  21.21  shows  the  adhesion  coefficient  and  number 
of  contacts  per  unit  length  for  the  three-level  hierarchical  model  in  contact 
with  rough  surfaces  with  different  values  of  the  RMS  amplitude  a  ranging  from 
a  =  0.01  to  30  urn  for  different  relative  humidity  values  and  contact  angles  of  the 
surface.  It  can  be  seen  that,  for  a  surface  with  contact  angle  02  =  10°,  the  adhesion 
coefficient  is  greatly  influenced  by  relative  humidity.  At  0%  relative  humidity  the 
maximum  adhesion  coefficient  is  «  36  at  a  value  of  a  <  0.01  um  compared  with 
78  for  90%  relative  humidity  for  the  same  surface  roughness.  As  expected  the  effect 
of  relative  humidity  on  increasing  the  adhesion  coefficient  decreases  as  the  contact 
angle  becomes  larger.  For  hydrophobic  surfaces,  relative  humidity  decreases  the 
adhesion  coefficient.  Similar  trends  can  be  noticed  in  terms  of  the  number  of 
contacts.  Thus,  the  conclusion  can  be  drawn  that  hydrophilic  surfaces  are  beneficial 
to  gecko  adhesion  enhancement. 


21.7     Modeling  of  Biomimetic  Fibrillar  Structures 

The  mechanics  of  adhesion  between  a  fibrillar  structure  and  a  rough  surface  as  it 
relates  to  the  design  of  biomimetic  structures  has  been  a  topic  of  investigation  by 
many  researchers  [31,  32,  37,  49,  52,  75,  78,  79,  80].  Kim  and  Bhushan  [32] 
developed  a  convenient,  general,  and  useful  guideline  for  understanding  biological 
systems  and  for  improving  biomimetic  attachment.  This  adhesion  database  was 
constructed  by  modeling  fibers  as  oriented  cylindrical  cantilever  beams  with  spheri- 
cal tips.  The  authors  then  carried  out  numerical  simulation  of  the  attachment  system 
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Fig.  21.21  The  adhesion  coefficient  and  number  of  contacts  per  unit  length  for  the  three -level 
hierarchical  model  in  contact  with  rough  surfaces  with  different  values  of  RMS  amplitudes  a  and 
contact  angles  for  different  relative  humidities  (after  [33]) 

in  contact  with  random  rough  surfaces  considering  three  constraint  conditions: 
buckling,  fracture,  and  sticking  of  the  fiber  structure.  For  a  given  applied  load  and 
roughnesses  of  contacting  surface  and  fiber  material,  a  procedure  to  find  an  optimal 
fiber  radius  and  aspect  ratio  for  the  desired  adhesion  coefficient  was  developed. 

The  model  of  Kim  and  Bhushan  [32]  is  used  to  find  the  design  parameters  for 
fibers  of  a  single-level  attachment  system  capable  of  achieving  desired  properties, 
i.e.,  high  adhesion  coefficient  and  durability.  The  design  variables  for  an  attachment 
system  are  as  follows:  fiber  geometry  (radius  and  aspect  ratio  of  fibers,  tip  radius), 
fiber  material,  fiber  density,  and  fiber  orientation.  The  optimal  values  for  the  design 
variables  to  achieve  the  desired  properties  should  be  selected  for  the  fabrication  of 
a  biomimetic  attachment  system. 


21.7.1     Fiber  Model 


The  fiber  model  of  Kim  and  Bhushan  [32]  consists  of  a  simple  idealized  fibrillar 
structure  consisting  of  a  single-level  array  of  micro/nanobeams  protruding  from  a 
backing,  as  shown  in  Fig.  21.22.  The  fibers  are  modeled  as  oriented  cylindrical 
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Fig.  21.22  Single-level  attachment  system  with  oriented  cylindrical  cantilever  beams  with 
spherical  tip.  In  this  figure,  /  is  the  length  of  fibers,  8  is  the  fiber  orientation,  R  is  the  fiber  radius, 
Rt  is  the  tip  radius,  5  is  the  spacing  between  fibers,  and  h  is  the  distance  between  the  base  of  the 
model  and  the  mean  line  of  the  rough  profile  (after  [32]) 

cantilever  beams  with  spherical  tips.  In  Fig.  21.22,  /  is  the  length  of  fibers,  0  is  the 
fiber  orientation,  R  is  the  fiber  radius,  Rt  is  the  tip  radius,  S  is  the  spacing  between 
fibers,  and  h  is  the  distance  between  the  upper  spring  base  of  each  model  and 
the  mean  line  of  the  rough  profile.  The  end  terminal  of  the  fibers  is  assumed  to  be 
a  spherical  tip  with  constant  radius  and  constant  adhesion  force. 


21. 7.2     Single-Fiber  Contact  Analysis 

Kim  and  Bhushan  [32]  modeled  an  individual  fiber  as  a  beam  oriented  at  an  angle  0 
to  the  substrate,  and  the  contact  load  F  aligned  normal  to  the  substrate.  The  net 
displacement  normal  to  the  substrate  can  be  calculated  according  to  (21.17)  and 
(21.18).  The  fiber  stiffness  (k  =  F/8J  is  given  by  [75] 


k  = 


nR2E 
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/sin2  0(1 


w-  cot2  e\ 

3R2      ) 


21  sin2  0 


f1  +  ia**#e\ 


(21.31) 


where  X  =  1/2R  is  the  aspect  ratio  of  the  fiber  and  0  is  fixed  at  30°. 

Two  alternative  models  dominate  the  world  of  contact  mechanics:  the  Johnson- 
Kendall-Roberts  (JKR)  theory  [44]  for  compliant  solids,  and  the  Derjaguin-Muller- 
Toporov  (DMT)  theory  [76]  for  stiff  solids.  Although  gecko  setae  are  composed  of 
/?-keratin  with  a  high  elastic  modulus  [13,  45],  which  is  close  to  the  DMT  model, 
in  general  the  JKR  theory  prevails  for  biological  or  artificial  attachment  systems. 
Therefore  the  JKR  theory  was  applied  in  the  subsequent  analysis  of  Kim  and 
Bhushan  [32]  to  compare  materials  with  wide  ranges  of  elastic  modulus.  The  adhe- 
sion force  between  a  spherical  tip  and  a  rigid  flat  surface  is  thus  calculated  using 
the  JKR  theory  as  [44] 


^ad  =X^tWad, 


(21.32) 
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where  Rt  is  the  radius  of  spherical  tip  and  Wad  is  the  work  of  adhesion,  calculated 
according  to  (21.25).  Kim  and  Bhushan  [32]  used  this  adhesion  force  as  a  critical 
force.  If  the  elastic  force  of  a  single  spring  is  less  than  the  adhesion  force,  they 
regarded  the  spring  as  having  been  detached. 


21.7.3     Constraints 

In  the  design  of  fibrillar  structures,  a  trade-off  exists  between  the  aspect  ratio  of  the 
fibers  and  their  adaptability  to  a  rough  surface.  If  the  aspect  ratio  of  the  fibers  is  too 
large,  they  can  adhere  to  each  other  or  even  collapse  under  their  own  weight,  as 
shown  in  Fig.  2 1 .23a.  If  the  aspect  ratio  is  too  small  (Fig.  2 1 .23b),  the  structures  will 
lack  the  compliance  necessary  to  conform  to  a  rough  surface.  The  spacing  between 
the  individual  fibers  is  also  important.  If  the  spacing  is  too  small,  adjacent  fibers  can 
attract  each  other  through  intermolecular  forces,  which  will  lead  to  bunching. 
Therefore,  Kim  and  Bhushan  [32]  considered  three  necessary  conditions  in  their 
analysis:  buckling,  fracture,  and  sticking  of  fiber  structure,  which  constrain  the 
allowed  geometry. 


Fig.  21.23    SEM 

micrographs  of  (a)  high- 
aspect-ratio  polymer  fibrils 
that  have  collapsed  under 
their  own  weight  and  (b)  low- 
aspect-ratio  polymer  fibrils 
that  are  incapable  of  adapting 
to  rough  surfaces  (after  [49]) 
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Nonbuckling  Condition 

A  fibrillar  interface  can  deliver  a  compliant  response  while  still  employing  stiff 
materials  because  of  bending  and  microbuckling  of  fibers.  Based  on  classical  Euler 
buckling,  Glassmaker  et  al.  [75]  established  a  stress-strain  relationship  and  a  critical 
compressive  strain  for  buckling  scr  for  a  fiber  oriented  at  an  angle  0  to  the  substrate 


b,n2 


3(AlI/3I) 


AJ2 
3/ 


cot20 


(21.33) 


where  Ac  is  the  cross-sectional  area  of  the  fibril,  and  bc  is  a  factor  that  depends  on 
boundary  conditions.  The  factor  bc  has  a  value  of  2  for  pinned-clamped  micro- 
beams.  For  fibers  having  a  circular  cross-section,  ecr  is  calculated  as 


bcn 


ECy 


3(4/2/3fl2) 


4/2 


-belt 


U612 


3R2 

cot2  0 


cot20 


(21.34) 


In  (21.34),  £cr  depends  on  both  the  aspect  ratio  X  and  the  orientation  0  of  fibers.  If 
ecr  =  1.  which  means  the  fiber  deforms  up  to  the  backing,  buckling  does  not  occur. 
Figure  21.24  plots  the  critical  orientation  0  as  a  function  of  aspect  ratio  for  the  case 
of  eCr  =  1  ■  The  critical  fiber  orientation  for  buckling  is  90°  at  1  <  1.1.  This  means 
that  buckling  does  not  occur  regardless  of  the  orientation  of  the  fiber  at  1  <  1.1.  For 
A  >  1.1,  the  critical  fiber  orientation  for  buckling  decreases  with  an  increase  in  X, 
and  has  a  constant  value  of  69°  at  k  >  3.  Kim  and  Bhushan  [32]  used  a  fixed  value 
at  30°  for  9,  because  as  stated  earlier,  the  maximum  adhesive  force  is  achieved 
at  this  orientation,  and  buckling  is  not  expected  to  occur. 

e(deg) 


Fig.  21.24    Critical  fiber 
orientation  as  a  function  of 
aspect  ratio  a  for  the 
nonbuckling  condition  for 
pinned-clamped  microbeams 
(bc  =  2)  (after  [32]) 
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No-Fiber-Fracture  Condition 

For  small  contacts,  the  strength  of  the  system  will  eventually  be  determined  by 
fracture  of  the  fibers.  Spolenak  et  al.  [81]  suggested  the  limit  of  fiber  fracture  as 
a  function  of  the  adhesion  force.  The  axial  stress  a{  in  a  fiber  is  limited  by  its 
theoretical  fracture  strength  ertfh  as 

<xf  =  ^<4,.  (21.35) 

Using  (21.32),  a  lower  limit  for  the  useful  fiber  radius,  R,  is  calculated  as 


p.  3gtWad  „        157Wad  „-„ 

*-y^r  *v~^'  (2L36) 

where  the  theoretical  fracture  strength  is  approximated  by  £/10  [82].  The  lower 
limit  of  fiber  radius  for  fiber  fracture  by  the  adhesion  force  depends  on  elastic 
modulus.  By  assuming  Wad  =  66  mJ/m  as  stated  earlier,  Kim  and  Bhushan  [32] 
calculated  the  lower  limits  of  fiber  radius  for  E  =  1  MPa,  0.1  GPa,  and  10  GPa 
to  be  0.32,  0.032,  and  0.0032  urn,  respectively. 

The  contact  stress  cannot  exceed  the  ideal  contact  strength  transmitted  through 
the  actual  contact  area  at  the  instant  of  tensile  instability  [81].  Kim  and  Bhushan 
[32]  used  this  condition  (21.35)  to  extract  the  limit  of  tip  radius  Rt, 

ffc  =  ^  >  ffth,  (21.37) 


where  erc  is  the  contact  stress,  erth  is  the  ideal  strength  of  van  der  Waals  bonds, 
which  equals  ss  W-^lb,  b  is  the  characteristic  length  of  surface  interaction,  and  ac  is 
the  contact  radius.  Based  on  the  JKR  theory,  for  the  rigid  contacting  surface,  ac 
at  the  instant  of  pull-off  is  calculated  as 


V        8£ 

where  v  is  Poisson's  ratio.  The  tip  radius  can  then  be  calculated  by  combining 

(21.37)  and  (21.38)  as 

8b3E2 
Rt> =-— .  (21.39) 

"  37^(1  -V2)Va2d 

The  lower  limit  of  tip  radius  also  depends  on  the  elastic  modulus.  Assuming 
Wad  =  66  mJ/m2  and  b  =  2  x  10~10  m  [82],  the  lower  limit  of  tip  radius  for 
E  =  1  MPa,  0.1  GPa,  and  10  GPa  is  calculated  as  6  x  10"7,  6  x  10"3,  and 
60  nm,  respectively.  In  this  study,  Kim  and  Bhushan  [32]  fixed  the  tip  radius  at 
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100  nm,  which  satisfies  the  tip  radius  condition  throughout  a  wide  range  of  elastic 
modulus  up  to  10  GPa. 


Nonsticking  Condition 

A  high  density  of  fibers  is  also  important  for  high  adhesion.  However,  if  the  space  S 
between  neighboring  fibers  is  too  small,  the  adhesion  forces  between  them  become 
stronger  than  the  forces  required  to  bend  the  fibers.  Then,  fibers  might  stick  to  each 
other  and  get  entangled.  Therefore,  to  prevent  fibers  from  sticking  to  each  other,  they 
must  be  spaced  apart  and  be  stiff  enough  to  prevent  sticking  or  bunching.  Several 
authors  (e.g.,  [49])  have  formulated  a  nonsticking  criterion.  Kim  and  Bhushan  [32] 
adopted  the  approach  of  Sitti  and  Fearing  [49].  Both  adhesion  and  elastic  forces  will 
act  on  bent  structures.  The  adhesion  force  between  two  neighboring  round  tips  is 
calculated  as 

F,d  =  lnR[Wad:  (21.40) 

where  R't  is  the  reduced  radius  of  contact,  which  is  calculated  as  R\  =  (l/Rti  + 
l//?t2)_1;  Rtu  Ra  -  radii  of  contacting  tips;  for  the  case  of  similar  tips,  7?tl  =  Rt2, 
R\=2/Rt. 

The  elastic  force  of  a  bent  structure  can  be  calculated  by  multiplying  the  bending 
stiffness  (kb  =  3nR  E/41  )  by  a  given  bending  displacement  5  as 

3  nR4E5 
Fd  =  4~i3—  (2L41) 

The  condition  for  the  prevention  of  sticking  is  F ei  >  Fad.  By  combining  (21.40) 
and  (21.41),  a  requirement  for  the  minimum  distance  S  between  structures  which 
will  prevent  sticking  of  the  structures  is  given  as  [32] 

*>»-*  G¥Ht¥> 

The  constant  2  takes  into  account  the  two  nearest  structures.  Using  the  distance 
S,  the  fiber  density  p  is  calculated  as 

(21.43) 


(S  +  2R) 


Equation  (21.43)  was  then  used  to  calculate  the  allowed  minimum  density  of 
fibers  without  sticking  or  bunching.  In  (21.42),  it  is  shown  that  the  minimum 
distance  S  depends  on  both  the  aspect  ratio  1  and  the  elastic  modulus  E.  A  smaller 
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aspect  ratio  and  higher  elastic  modulus  allow  for  greater  packing  density.  However, 
fibers  with  a  low  aspect  ratio  and  high  modulus  are  not  desirable  for  adhering  to 
rough  surfaces  due  to  lack  of  compliance. 


21.7.4    Numerical  Simulation 

The  simulation  of  adhesion  of  an  attachment  system  in  contact  with  random  rough 
surfaces  was  carried  out  numerically.  In  order  to  conduct  two-dimensional  (2-D) 
simulations  it  is  necessary  to  calculate  the  applied  load  F„  as  a  function  of  the 
applied  pressure  P„  as  an  input  condition.  Using  p  calculated  by  the  nonsticking 
condition,  Kim  and  Bhushan  [32]  calculated  F„  as 

F„=P^.  (21.44) 

P 

where  p  is  the  number  of  springs  in  the  scan  length  L,  which  equals  L/(S  +  2R). 

Fibers  of  the  attachment  system  are  modeled  as  a  one-level  hierarchy  of  elastic 
springs  (Fig.  21.14)  [32].  The  deflection  of  each  spring  and  the  elastic  force 
arising  in  the  springs  are  calculated  according  to  (21.22)  and  (21.23),  respec- 
tively. The  adhesion  force  is  the  lowest  value  of  the  elastic  force  Fei  when  the 
fiber  has  detached  from  the  contacting  surface.  Kim  and  Bhushan  [32]  used  an 
iterative  process  to  obtain  the  optimal  fiber  geometry  in  terms  of  fiber  radius 
and  aspect  ratio.  If  the  applied  load,  roughness  of  the  contacting  surface,  and  fiber 
material  are  given,  the  procedure  for  calculating  the  adhesion  force  is  iterated 
until  the  desired  adhesion  force  is  satisfied.  In  order  to  simplify  the  design 
problem,  the  fiber  material  is  regarded  as  a  known  variable.  The  next  step  is 
constructing  the  design  database.  Figure  21.25a  shows  the  flow  chart  for  the 
construction  of  the  adhesion  design  database,  and  Fig.  21.25b  shows  the  calcula- 
tion of  the  adhesion  force,  which  is  part  of  the  procedure  to  construct  the 
adhesion  design  database. 


21.7.5    Results  and  Discussion 

Figure  21.26  shows  an  example  of  the  adhesion  design  database  for  biomimetic 
attachment  systems  consisting  of  single-level  cylindrical  fibers  with  an  orienta- 
tion angle  of  30°  and  spherical  tips  of  R{  =  100  nm  constructed  by  Kim  and 
Bhushan  [32].  The  minimum  fiber  radius  calculated  by  using  the  no-fiber-fracture 
condition,  which  plays  a  role  of  the  lower  limit  of  optimized  fiber  radius,  is  also 
added  to  the  plot.  The  plots  in  Fig.  21.26  cover  all  applicable  fiber  materials 
from   a  soft  elastomer  material   such  as  poly(dimethylsiloxane)   (PDMS)   to 
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Input  parameters 
Pn,E  ,fi'  ,R{,  a 


Nonbucklins  condition 
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Guess  initial  fiber  size  R  and  A 


Nonsticking  condition 


H 


Calculation  of  adhesion  force 


Nonfiber  fracture  condition 

Yes 

Construction  of  adhesion 
design  database 

Input  parameters 
FB,N,R,Rul,a 


T 


Rough  surface  height  data  z 

i 


J 


Guess  initial  spring  position  /j(i 

New  spring  position  h  k 


Calculate  number  of  contacts 

1 


Calculate  elastic  force  Fci 


Fig.  21.25  (a)  Flow  chart  for  the  construction  of  the  adhesion  design  database,  (b)  Calculation  of 
the  adhesion  force.  Pn  is  the  applied  pressure,  E  is  the  elastic  modulus,  y!  is  the  adhesion 
coefficient,  Rx  is  the  tip  radius,  a  is  the  RMS  amplitude,  R  is  the  fiber  radius,  a  is  the  fiber  aspect 
ratio,  Fn  is  the  applied  load,  N  is  the  number  of  springs,  k  and  /  are  the  stiffness  and  length  of 
structures,  A/  is  the  spring  deformation,  /)  is  the  elastic  force  of  a  single  spring,  and  /ad  is  the 
adhesion  force  of  a  single  contact  (after  [32]) 


stiffer  polymers  such  as  polyimide  and  /2-keratin.  The  dashed  lines  in  each  plot 
represent  the  limits  of  fiber  fracture  due  to  the  adhesion  force.  For  a  soft  material 
with  E  =  1  MPa  in  Fig.  21.26a,  the  range  of  the  desirable  fiber  radius  is  >0.3  urn 
and  that  of  the  aspect  ratio  is  «<  1.  As  elastic  modulus  increases,  the  feasible 
range  of  both  fiber  radius  and  aspect  ratio  also  increase,  as  shown  in  Fig.  21. 26b, c. 
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Fig.  21.26  (continued) 
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In  Fig.  21.26,  the  fiber  radius  has  a  linear  relation  with  the  surface  roughness 
on  a  logarithm  scale. 

If  the  applied  load,  roughness  of  the  contacting  surface,  and  elastic  modulus  of 
the  fiber  material  are  specified,  the  optimal  fiber  radius  and  aspect  ratio  for  the 
desired  adhesion  coefficient  can  be  selected  from  this  design  database.  The  adhe- 
sion databases  are  useful  for  understanding  biological  systems  and  for  guiding  the 
fabrication  of  biomimetic  attachment  systems.  Two  case  studies  [32]  are  discussed 
below. 
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Fig.  21.26  (continued) 
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Case  study  I:  Select  the  optimal  size  of  fibrillar  adhesive  for  a  wall-climbing 
robot  with  the  requirements: 

•  Material:  polymer  with  E  w  100  MPa 

•  Applied  pressure  by  weight  <  10  kPa 

•  Adhesion  coefficient  s=i  5 

•  Surface  roughness  a  <  1  urn 
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Fig.  21.26  Adhesion  design  database  for  biomimetic  attachment  systems  consisting  of  single- 
level  cylindrical  fibers  with  orientation  angle  of  30°  and  spherical  tips  of  100  ran  for  elastic 
modulus  of  (a)  1  MPa,  (b)  100  MPa,  and  (c)  10  GPa  (after  [32]).  The  solid  lines  shown  in  (b)  and 
(c)  correspond  to  the  case  studies  I  and  II  in  the  text,  respectively,  which  satisfy  the  specified 
requirements  (after  [32]) 


The  subplot  of  the  adhesion  database  that  satisfies  these  requirements  is  found  in 
the  second  column  and  second  row  in  Fig.  21.26b.  From  this  subplot,  any  values  on 
the  marked  line  can  be  selected  to  meet  the  requirements.  For  example,  fiber  radius 
of  0.4  pm  with  an  aspect  ratio  of  1  or  fiber  radius  of  10  pm  with  an  aspect  ratio  of 
0.8  would  satisfy  the  specified  requirements. 
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Case  study  II:  Comparison  with  the  adhesion  test  for  a  single  gecko  seta  [25,  26]: 

•  Material:  ^-keratin  with  E  w  10  GPa 

•  Applied  pressure  =  57  kPa  (2.5  uN  on  an  area  of  43.6  um  ) 

•  Adhesion  coefficient  =  8-16 

•  Surface  roughness  a  <  0.01  urn 

Autumn  et  al.  [25,  26]  showed  that,  in  isolated  gecko  setae  contacting  the  surface 
of  a  single-crystalline  silicon  wafer,  a  2.5  uN  preload  yielded  adhesion  of 
20^-0  uN  and  thus  a  value  of  adhesion  coefficient  of  8-16.  The  region  that  satisfies 
the  above  requirements  is  marked  in  Fig.  21.26c.  The  spatulae  of  gecko  setae  have 
an  approximate  radius  of  0.05  um  with  an  aspect  ratio  of  25.  However,  the  radius 
corresponding  to  X  =  25  for  the  marked  line  is  ss  0.015  urn.  This  discrepancy  is 
due  to  the  difference  between  the  simulated  fiber  model  and  the  real  gecko  setae 
model.  Gecko  setae  are  composed  of  a  three-level  hierarchical  structure  in  practice, 
so  higher  adhesion  can  be  generated  than  in  a  single-level  model  [3,  30,  31].  Given 
the  simplification  in  the  fiber  model,  this  simulation  result  is  very  close  to  the 
experimental  result. 


21.8     Fabrication  of  Biomimetic  Gecko  Skin 

Based  on  the  studies  reported  in  the  literature,  the  dominant  adhesion  mechanism 
utilized  by  gecko  and  spider  attachment  systems  appears  to  be  van  der  Waals  forces. 
The  hierarchical  structure  involving  complex  divisions  of  the  gecko  skin  (lamellae- 
setae-branches-spatulae)  enable  a  large  number  of  contacts  between  the  gecko  skin 
and  mating  surface.  As  shown  in  previous  calculations,  the  van  der  Waals  adhesive 
force  for  two  parallel  surfaces  is  inversely  proportional  to  the  cube  of  the  distance 
between  two  surfaces.  These  hierarchical  fibrillar  microstructured  surfaces  would 
be  capable  of  reusable  dry  adhesion  and  would  have  uses  in  a  wide  range  of  appli- 
cations from  everyday  objects  such  as  adhesive  tapes,  fasteners,  toys,  microelec- 
tronic, and  space  applications,  and  treads  of  wall-climbing  robots.  The  development 
of  nanofabricated  surfaces  capable  of  replicating  this  adhesion  force  developed 
in  nature  is  limited  by  current  fabrication  methods.  Many  different  techniques 
have  been  used  in  an  attempt  to  create  and  characterize  bioinspired  adhesive 
tapes.  Attempts  are  being  made  to  develop  climbing  robots  using  gecko-inspired 
structures  [84,  85,  86,  87]. 


21.8.1     Single-Level  Roughness  Structures 

One  of  the  simplest  approaches  is  to  create  a  pattern  by  various  micro/nanofabrica- 
tion  techniques  and  use  it  as  a  master  template  and  mold  with  a  liquid  polymer  to 
create  micro/nanostructured  replicas.  Sitti  and  Fearing  [49]  employed  an  AFM  tip 
to  create  a  set  of  dimples  on  a  wax  surface.  These  dimples  served  as  a  mold  for 
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Fig.  21.27    SEM 

micrographs  of  three 
pillars  fabricated  by 
molding  from  dimples 
created  by  AFM-tip 
indentation  (after  [83]) 


10  urn 


creating  polymer  micropillars,  shown  in  Fig.  21.27.  The  adhesive  force  to  an  indi- 
vidual pyramidal  pillar  was  measured  using  another  AFM  cantilever.  Although 
each  pillar  of  the  material  was  found  to  be  capable  of  producing  large  adhesion 
forces,  the  surface  failed  to  replicate  gecko  adhesion  on  a  macroscale.  This  was  due 
to  the  lack  of  flexibility  in  the  pillars.  In  order  to  ensure  that  the  largest  possible  area 
of  contact  occurs  between  the  tape  and  the  mating  surface,  a  soft,  compliant  fibrillar 
structure  would  be  desired.  Compliant  fibrillar  structures  enable  more  fibrils  to  be 
in  close  proximity  to  a  mating  surface  to  increase  the  van  der  Waals  forces.  Sitti 
and  Fearing  [49]  and  Cho  and  Choi  [88]  used  nanoporous  anodic  alumina  and 
polycarbonate  membranes  as  a  template  to  create  polymeric  nanofibers. 

Geim  et  al.  [89]  created  arrays  of  polyimide  nanofibers  using  electron-beam 
lithography  and  dry  etching  in  oxygen  plasma  (Fig.  21.28a,  left).  By  using  electron- 
beam  lithography,  thermal  evaporation  of  an  aluminum  film,  and  lift-off,  an  array  of 
nanoscale  aluminum  disks  was  prepared.  These  patterns  were  then  transferred  to  the 
polyimide  film  by  dry  etching  in  oxygen  plasma.  A  1  cm2  sample  was  able  to  create 
3  N  of  adhesive  force  under  the  new  arrangement.  This  is  approximately  one-third 
the  adhesive  strength  of  a  gecko.  They  fabricated  a  Spiderman  toy  (w0.4  N)  with 
a  hand  covered  with  molded  polymer  nanohairs  (Fig.  21.28b).  They  demonstrated 
that  it  could  cling  to  a  glass  plate.  Bunching  of  the  nanohairs  (as  described  earlier)  if 
they  are  closely  spaced  was  determined  to  greatly  reduce  the  both  the  adhesive 
strength  and  durability  of  the  polymer  tape.  The  bunching  can  be  clearly  seen 
in  Fig.  21.28a  (right).  Therefore,  an  optimal  geometry  is  required. 

Davies  et  al.  [90]  fabricated  mushroom-headed  microfibers  made  of  PDMS.  In 
one  of  the  fabrication  strategies,  a  silicon  wafer  with  a  thickness  which  defined  the 
stalk  length  was  obtained,  and  the  masks  with  mushroom-head  features  were  first 
used  to  pattern  one  side  of  the  silicon  wafer  with  resist.  Features  were  etched  to 
a  depth  equal  to  that  of  the  thickness  of  the  mushroom  head.  Next,  the  smaller- 
diameter  mask  was  used  to  pattern  the  other  side  of  the  wafer,  which  was  then 
etched  to  produce  holes  through  the  entire  thickness  of  the  wafer,  meeting  the 
mushroom-headed  cavities.  This  mold  was  first  coated  in  a  fluorocarbon  release 
agent.  A  PDMS  solution  was  then  spun  onto  this  mold  and  cured  to  produce 
mushroom-headed  microfibers.  The  resulting  casting  comprising  stalks  and  mush- 
room heads  was  then  pulled  through  the  mold  in  a  single  peeling  process.  To  create 
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Fig.  21.28  (a)  (left)  An  array  of  polyimide  nanohairs  and  (right)  bunching  of  the  nanohairs,  which 
leads  to  a  reduction  in  adhesive  force,  (b)  A  spiderman  toy  (about  0.4  N)  with  a  hand  covered  with 
the  molded  polymer  nanohairs,  clinging  to  a  glass  plate  (after  [89]) 


angled  microfiber  arrays  found  in  biological  attachments  using  photolithography, 
Aksak  et  al.  [91]  simply  varied  the  ultraviolet  (UV)  exposure  angle  by  tilting  the 
wafer  during  exposure.  The  fibers  were  formed  at  an  angle  not  perpendicular  to 
the  substrate  surface  (Fig.  21.29a).  This  master  template  of  angled  SU-8  fibers  was 
then  used  to  form  many  copies  of  the  fiber  arrays  from  curable  polyurethanes 
by  molding.  They  reported  that  angled  fibers  exhibited  reduced  adhesion  compared 
with  similar  vertical  fibers  due  to  a  peeling  moment.  However,  angled  fibers 
are  favored  in  biological  attachment  systems.  Murphy  et  al.  [92]  modified  angled 
fiber  arrays  by  adding  soft  spherical  and  spatula-shaped  tips  via  dipping  in  a  liquid 
polymer  of  interest  (Fig.  21.29b).  To  add  tips  to  the  fibers,  the  fiber  array  sample 
attached  to  a  micropositioning  stage  was  dipped  into  a  liquid  polyurethane  layer 
and  retracted,  retaining  some  of  the  liquid  polymer  on  the  tips  of  the  fibers.  To  form 
spherical  tips,  the  sample  was  placed  with  the  fibers  facing  up  and  allowed  to  cure. 
To  form  spatula  tips,  the  fiber  sample  was  placed  onto  a  smooth  low-energy  surface 
and  then  peeled  away  after  curing.  They  reported  very  high  adhesion  of  these  fibers 
with  soft  tips  because  of  increased  contact  area. 

Del  Campo  et  al.  [93,  94]  fabricated  pillar  arrays  with  controlled  3D  tip  geome- 
tries resembling  those  found  in  biological  attachments.  The  fabrication  strategy 
was  based  on  complete  or  partial  soft  molding  on  2D  masters  made  by  lithography 


752 


B.  Bhushan 


(i) 


(ii) 
Unexposed  Su-1 


Exposed  Su-8 


(m)  Fiber  backing 


Substrate 


Fig.  21.29  (a)  The  process  steps  of  the  polymer  fiber  orientation:  (i)  a  thin  layer  of  SU-8  is  spun 
on  a  glass  substrate,  then  exposed  and  cured;  (ii)  a  thicker  layer  of  SU-8  is  spun,  which  will 
become  the  fibers;  (iii)  the  thick  layer  is  patterned  with  UV  exposure  by  tilting  the  wafer;  (iv)  the 
SU-8  photoresist  is  developed,  leaving  the  desired  angled  fiber  array  (after  [91]).  (b)  Fiber  tip 
fabrication  process:  (i)  bare  fibers  are  aligned  with  a  layer  of  liquid  polymer;  (ii)  the  fibers  are 
tipped  into  the  liquid  and  retracted;  (iii)  the  fibers  are  brought  into  contact  with  a  substrate;  (iv)  the 
fibers  are  peeled  away  from  the  substrate  after  curing  (after  [92]) 


with  elastomeric  precursors  followed  in  some  cases  by  inking  and  microprinting 
steps.  The  patterned  master  with  high-aspect-ratio  cylindrical  holes  was  produced 
by  photolithography  using  SU-8  photoresist  films.  The  SU-8  masters  were  filled 
with  elastomeric  precursors  (PDMS  supplied  as  Sylgard  184  by  Dow  Corning)  to 
produce  arrays  of  cylindrical  pillars  (Fig.  21.30a).  Arrays  of  pillars  with  spherical 
and  spatular  tips  were  obtained  by  inking  the  Sylgard  184-structured  substrates  in 
a  thin  film  of  Sylgard  184  precursor.  Curing  of  arrays  in  upside-down  orientation 
yielded  hemispherical  tips  as  a  consequence  of  gravity  and  surface  tension  acting  on 
the  fluid  drop  (Fig.  21.30b).  Alternatively,  the  inked  stamp  can  be  pressed  against 
a  flat  substrate  and  then  cured.  This  leads  to  pillars  with  a  flat  top  (Fig.  21.30c).  The 
top  can  be  symmetric  or  asymmetric  depending  on  the  tilt  of  the  substrate  during 
curing  (Fig.  21.30c,d).  They  also  used  silicones  used  for  dental  impressions.  These 
materials  possess  higher  initial  viscosities  and  faster  cross-linking  kinetics  than 
Sylgard  184,  which  results  in  incomplete  cavity  filling.  By  soft-molding  these 
materials  after  selected  delay  times  after  mixing,  arrays  of  tubes  and  pillars  with 
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Fig.  21.30    (a-f)Overview  of  the  fabrication  strategies  and  SEM  images  showing  examples  of  the 
pillar  arrays  obtained  with  controlled  3D  tip  geometries  (after  [93]) 


Fig.  21.31    Tip  radius 
dependence  of  the  pull-off 
force  for  flat,  spherical, 
spatular,  and  mushroom-like 
contacts  at  preload  of  1  mN. 
In  the  case  of  spherical  tips, 
the  radius  corresponds  to 
the  tip  radius.  For  all  other 
geometries,  the  pillar  radius 
is  used  (after  [94]) 
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concave  tips  (Fig.  21.30e,f)  were  obtained.  They  performed  adhesion  tests  on 
various  geometries  against  a  sapphire  sphere.  They  reported  that  the  shape  of  the 
pillar  tip  affects  the  contact  area  and  adhesion  behavior.  Figure  21.31  shows  pull- 
off  strength  data  as  a  function  of  tip  radius  for  various  tip  geometries.  For  a  given  tip 
radius,  pillars  with  the  flat  punch  geometry  have  significantly  higher  adhesion  than 
spherical  contacts.  Pillars  with  mushroom  tips  have  the  highest  adhesion. 

Gorb  et  al.  [95]  and  Bhushan  and  Sayer  [96]  characterized  two  polyvinylsi- 
loxane  (PVS)  samples  from  Gottlieb  Binder  Inc.,  Holzgerlingen,  Germany,  one 
consisting  of  mushroom-shaped  pillars  (Fig.  21.32a)  and  the  other  an  unstructured 
control  surface  (Fig.  21.32b).  The  structured  sample  is  inspired  by  the  micropat- 
terns  found  in  the  attachment  systems  of  male  beetles  from  the  family  Chrysome- 
lidae  and  is  easier  to  fabricate.  Both  sexes  possess  adhesive  hairs  on  their  tarsi; 
however,  males  bear  hair  extremely  specialized  for  adhesion  to  the  smooth  surface  of 
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Fig.  21.32   SEM 

micrographs  of 

(a)  structured  and 

(b)  unstructured  PVS 
samples  (SH  -  shaft, 
NR  -  neck  region, 
LP  -  lip)  (after  [96]) 


female's  covering  wings  during  mating.  The  hairs  have  broad  flattened  tips  with 
grooves  under  the  tip  to  provide  flexibility.  The  mushroom  shape  provides  a  larger 
contact  area.  The  structured  samples  were  produced  at  room  temperature  by  pouring 
two-compound  polymerizing  PVS  into  the  holed  template  lying  on  a  smooth  glass 
support.  The  fabricated  sample  is  comprised  of  pillars  that  are  arranged  in  a  hexago- 
nal order  to  allow  maximum  packing  density.  They  are  ps  100  urn  in  height,  60  urn  in 
base  diameter,  35  urn  in  middle  diameter,  and  25  urn  in  diameter  at  the  narrowed 
region  just  below  the  terminal  contact  plates.  These  plates  were  «  40  um  in  diameter 
and  2  um  in  thickness  at  the  lip  edges.  The  adhesion  force  of  the  two  samples  in 
contact  with  a  smooth  flat  glass  substrate  was  measured  by  Gorb  et  al.  [95]  using 
a  microtribometer.  Results  revealed  that  the  structured  specimens  featured  an  adhe- 
sion force  more  than  twice  that  of  the  unstructured  specimens.  The  adhesion  force 
was  also  found  to  be  independent  of  the  preload.  Moreover,  it  was  found  that  the 
adhesive  force  of  the  structured  sample  was  more  tolerant  to  contamination  compared 
with  the  control,  and  it  could  be  easily  cleaned  with  a  soap  solution. 

Bhushan  and  Sayer  [96]  characterized  the  surface  roughness,  friction  force,  and 
contact  angle  of  the  structured  sample  and  compared  the  results  with  an  unstruc- 
tured control.  As  shown  in  Fig.  21.33a,  the  macroscale  coefficient  of  kinetic  friction 
of  the  structured  sample  was  found  to  be  almost  four  times  greater  than  that  of  the 
unstructured  sample.  This  increase  was  determined  to  be  a  result  of  the  structured 
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Fig.  21.33  (a)  Coefficients  of  static  and  kinetic  friction  for  structured  and  unstructured  samples 
sliding  against  magnetic  tape  with  normal  load  of  130  mN.  (b)  Water  contact  angle  for  the 
structured  and  unstructured  samples  (after  [96]) 


Fig.  21.34    Directed  self- 
assembly-based  method  of 
producing  high-aspect-ratio 
micro/nanofibers  (after  [83]) 


II  III  II 


roughness  of  the  sample  and  not  the  random  nanoroughness.  It  is  also  noteworthy 
that  the  static  and  kinetic  coefficients  of  friction  are  approximately  equal  for  the 
structured  sample.  It  is  believed  that  the  divided  contacts  allow  the  broken  contacts 
of  the  structured  sample  to  constantly  recreate  contact.  As  seen  in  Fig.  21.33b,  the 
pillars  also  increased  the  hydrophobicity  of  the  structured  sample  in  comparison 
with  the  unstructured  sample,  as  expected  due  to  the  increased  surface  roughness 
[97-99].  A  large  contact  angle  is  important  for  self-cleaning  [100],  which  agrees 
with  the  findings  of  Gorb  et  al.  [95]  that  the  structured  sample  is  more  tolerant  of 
contamination  than  the  unstructured  sample. 

Directed  self-assembly  has  been  proposed  as  a  method  to  produce  regularly 
spaced  fibers  [83,  101].  In  this  technique,  a  thin  liquid  polymer  film  is  coated  on 
a  flat  conductive  substrate.  As  demonstrated  in  Fig.  21.34,  a  closely  spaced  metal 
plate  is  used  to  apply  a  direct-current  (DC)  electric  field  to  the  polymer  film.  Due  to 
instabilities  in  the  film,  pillars  will  begin  to  grow  until  they  touch  the  upper  metal 
plate.  Self-assembly  is  desirable  because  the  components  spontaneously  assemble, 
typically  by  bouncing  around  in  a  solution  or  gas  phase  until  a  stable  structure  of 
minimum  energy  is  reached. 

Vertically  aligned  multiwalled  carbon  nanotubes  (MWCNT)  have  been  used  to 
create  nanostructures  on  polymer  surfaces.  Yurdumakan  et  al.  [102]  used  chemical 
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Fig.  21.35  Multiwalled  carbon  nanotube  structures:  (a)  grown  on  silicon  by  chemical  vapor 
deposition,  (b)  transferred  into  a  PMMA  matrix  and  then  exposed  on  the  surface  after  solvent 
etching  (after  [102]) 


vapor  deposition  (CVD)  to  grow  vertically  aligned  MWCNT  that  are  50-100  urn 
in  length  on  quartz  or  silicon  substrates.  A  catalyst  was  deposited  on  the  silicon 
oxide  surface  as  patches  using  photolithography.  The  MWCNT  grew  selectively 
on  the  patches  with  controlled  thickness  and  length  and  were  vertically  aligned. 
The  sample  with  MWCNT  sites  facing  up  was  then  dipped  in  methyl  methacrylate 
solution.  After  polymerization,  poly(methyl  methacrylate)  (PMMA)-MWCNT 
sheets  are  peeled  off  from  the  silicon  substrate.  The  MWCNTs  are  exposed 
from  the  silicon-facing  side  of  the  PMMA  matrix  by  etching  the  top  25  urn  with 
a  solvent.  SEM  images  of  the  MWCNT  grown  on  a  silicon  substrate  as  well  as 
transferred  into  a  PMMA  matrix  and  then  exposed  on  the  surface  can  be  seen  in 
Fig.  21.35.  On  the  nanoscale,  the  MWCNT  surface  was  able  to  achieve  adhesive 
forces  two  orders  of  magnitude  greater  than  those  of  gecko  foot-hairs.  These 
structures  provided  high  adhesion  on  the  nanometer  level  and  were  not  capable 
of  producing  high  adhesion  forces  on  the  macroscale.  Ge  et  al.  [103]  and  others 
have  fabricated  nanostructures  by  transferring  micropatterned,  vertically  aligned 
MWCNT  arrays  onto  flexible  polymer  tape.  They  reported  high  adhesion  on  the 
macroscale.  They  also  performed  peeling  experiments.  Durability  of  the  adhesive 
tape  is  an  issue,  as  some  of  the  nanotubes  can  detach  from  the  substrate  with 
repeated  use.  Qu  et  al.  [104]  measured  adhesion  on  vertically  aligned  MWCNT 
arrays  on  Si  substrate  and  reported  high  adhesion  on  the  nanoscale. 


21.8.2    Multilevel  Hierarchical  Structures 


The  aforementioned  fabricated  surfaces  only  have  one  level  of  roughness.  Although 
these  surfaces  are  capable  of  producing  high  adhesion  on  the  micro/nanoscale, 
they  are  not  expected  to  produce  large-scale  adhesion  due  to  a  lack  of  compliance 
and  bunching. 
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Fig.  21.36    Proposed  process 
for  creating  multilevel 
structures  using  molding. 
Micro-  and  nanometer-sized 
pore  membranes  are  bonded 
together  (a)  and  filled  with 
liquid  polymer  through  the 
micropore  membrane  site  (b), 
followed  by  curing  of  the 
polymer  and  etching  the  array 
of  both  membranes  in  order  to 
leave  (c)  the  polymer  surface 
(after  [83]) 
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Sitti  [83]  proposed  a  molding  technique  for  creating  structures  with  two 
levels.  In  this  method  two  different  molds  are  created  -  one  with  pores  of  the 
order  of  magnitude  of  micrometers  in  diameter  and  a  second  with  pores  of 
nanometer- scale  diameter.  One  potential  mold  material  is  porous  anodic  alumina 
(PAA),  which  has  been  demonstrated  to  produce  ordered  pores  on  the  nanometer 
scale  of  equal  size.  Pore-widening  techniques  could  be  used  to  create  microme- 
ter-scale pores.  As  seen  in  Fig.  21.36,  the  two  molds  would  be  bonded  to  each 
other  and  then  filled  with  a  liquid  polymer.  Del  Campo  and  Greiner  [105]  fabri- 
cated a  hierarchical  structure  by  multilevel  photolithography.  Figure  21.37 
shows  a  schematic  of  the  process  and  an  example  of  the  two-level  SU-8  patterns 
obtained. 

Northen  and  Turner  [106,  107]  created  a  multilevel  compliant  structure  by 
employing  a  microelectromechanical-based  approach.  The  multiscale  structures  con- 
sist of  arrays  of  organic-looking  photoresist  nanorods  (organorods),  ss  2  um  tall 
and  50-200  nm  in  diameter  (comparable  in  size  to  gecko  spatulae)  (Fig.  21.38a), 
atop  photolithographically  defined  2  um-thick  SiC>2  platforms  100-150  um  on 
a  side  (Fig.  21.38b).  The  platforms  of  various  geometries  are  supported  by  single 
high-aspect-ratio  pillars  down  to  1  um  in  diameter  and  with  heights  up  to  «  50  urn 
(Fig.  21.38c).  The  structures  are  fabricated  out  of  100  mm  single-crystal  wafers 
using  standard  bulk  micromachining  techniques.  An  array  of  four-fingered  platform 
structures  is  shown  in  Fig.  21.38d.  Adhesion  testing  was  performed  using  a  nanorod 
surface  on  a  solid  substrate  and  on  the  multilevel  structures  by  Northen  and  Turner 
[107].  They  reported  that  the  adhesive  pressure  of  the  multilevel  structures  was 
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Fig.  21.37    Layer-by-layer 
structuring  method  and 
example  of  fabricated 
hierarchical  structure  in  SU-8. 
Base  pillars  have  50  urn 
diameter  and  40  pm  height 
and  the  top  pillars  have  9  pm 
diameter  and  35  pm  height 
(after  [105]) 


(1)  Spin-coating  photoresist 


(2)  Masked  irradiation 


#     *      *     * 


(3)  Spin-coat  new  photoresist  layer 


(4)  Masked  irradiation 


^ 


(5)  Development 


about  four  times  higher  than  that  of  surfaces  with  only  one  level  of  hierarchy.  The 
durability  of  the  multilevel  structure  was  also  much  greater  than  the  single-level 
structure.  The  adhesion  of  the  multilevel  structure  did  not  change  between  itera- 
tions one  and  five.  During  the  same  number  of  iterations,  the  adhesive  pressure  of 
the  single-level  structure  decreased  to  zero. 

In  summary,  literature  clearly  indicates  that,  in  order  to  create  a  dry  super- 
adhesive,  a  fibrillar  surface  construction  is  necessary  to  maximize  the  van  der 
Waals  forces  by  using  so-called  division  of  contacts.  Hierarchical  structure  pro- 
vides compliance  for  adaptability  to  a  variety  of  rough  surfaces.  A  material  must  be 
soft  enough  to  conform  to  rough  surfaces  yet  hard  enough  to  avoid  bunching,  which 
will  decrease  the  adhesive  force.  It  is  also  desirable  to  have  a  superhydrophobic 
surface  in  order  to  utilize  self-cleaning.  Inspired  by  previous  work  on  adding  tips  to 
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Fig.  21.38  Multilevel  fabricated  adhesive  structure  composed  of  (a)  organorods  atop  (b)  silicon 
dioxide  platforms.  The  platforms  are  supported  by  (c)  support  pillars,  (d).  This  structure  was 
repeated  multiple  times  over  a  silicon  wafer  (after  [106]) 


the  fibrillar  structures,  the  end  of  the  fibers  could  be  modified  to  enhance  adhesion. 
For  example,  a  soft  adhesive  could  be  used  to  coat  fiber  ends  to  provide  added 
adhesion  using  conventional  adhesives. 


21.9     Conclusion 


The  adhesive  properties  of  geckoes  and  other  creatures  such  as  flies,  beetles,  and 
spiders  are  due  to  the  hierarchical  structures  present  on  each  creature's  hairy 
attachment  pads.  Geckoes  have  developed  the  most  intricate  adhesive  structures 
of  any  of  the  aforementioned  creatures.  The  attachment  system  consists  of  ridges 
called  lamellae  that  are  covered  in  microscale  setae  that  branch  off  into  nanoscale 
spatulae,  of  which  there  are  about  three  billion  on  two  feet.  The  so-called  division 
of  contacts  provide  high  dry  adhesion.  Multiple-level  hierarchically  structured  sur- 
face construction  plays  an  important  role  in  adapting  to  surface  roughness,  bringing 
the  spatulae  in  close  proximity  to  the  mating  surface.  These  structures,  as  well  as 
material  properties,  allow  the  gecko  to  obtain  a  much  larger  real  area  of  contact 
between  its  feet  and  a  mating  surface  than  is  possible  with  a  nonfibrillar  material. 
Two  feet  of  a  Tokay  gecko  have  w  220  mm  of  attachment  pad  area,  on  which  the 
gecko  is  able  to  generate  «  20  N  of  adhesion  force.  Although  capable  of  generating 
high  adhesion  forces,  a  gecko  is  able  to  detach  from  a  surface  at  will  -  an  ability 
known  as  smart  adhesion.  Detachment  is  achieved  by  a  peeling  motion  of  the 
gecko's  feet  from  a  surface. 
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Experimental  results  have  supported  the  adhesion  theories  of  intermolecular 
forces  (van  der  Waals)  as  a  primary  adhesion  mechanism  and  capillary  forces  as 
a  secondary  mechanism,  and  have  been  used  to  rule  out  several  other  mechan- 
isms of  adhesion  including  the  secretion  of  sticky  fluids,  suction,  and  increased 
frictional  forces.  Atomic  force  microscopy  has  been  employed  by  several  inves- 
tigators to  determine  the  adhesion  strength  of  gecko  foot  hairs.  The  measured 
values  of  the  lateral  force  required  to  pull  parallel  to  the  surface  for  a  single  seta 
(194  u.N)  and  the  adhesive  force  (normal  to  the  surface)  of  a  single  spatula 
(11  nN)  are  comparable  to  the  van  der  Waals  prediction  of  270  uN  and  11  nN 
for  a  seta  and  spatula,  respectively.  The  adhesion  force  generated  by  seta 
increases  with  preload  and  reaches  a  maximum  when  both  perpendicular  and 
parallel  preloads  are  applied.  Although  gecko  feet  are  strong  adhesives,  they 
remain  free  of  contaminant  particles  through  self-cleaning.  Spatular  size  along 
with  material  properties  enables  geckoes  to  easily  expel  any  dust  particles  that 
come  into  contact  with  their  feet. 

The  recent  creation  of  a  three-level  hierarchical  model  for  a  gecko  lamella 
consisting  of  setae,  branches,  and  spatulae  has  brought  more  insight  into  the  adhe- 
sion of  biological  attachment  systems.  One-,  two-,  and  three-level  hierarchically 
structured  spring  models  for  the  simulation  of  a  seta  contacting  with  random  rough 
surfaces  were  considered.  The  simulation  results  show  that  the  multilevel  hierar- 
chical structure  has  a  higher  adhesion  force  as  well  as  higher  adhesion  energy  than 
the  one-level  structure  for  a  given  applied  load,  due  to  better  adaptation  and 
attachment  ability.  It  is  concluded  that  the  multilevel  hierarchical  structure  pro- 
duces adhesion  enhancement,  and  this  enhancement  increases  with  increasing 
applied  load  and  decreasing  stiffness  of  the  springs.  The  condition  at  which  signi- 
ficant adhesion  enhancement  occurs  appears  to  be  related  to  the  maximum  spring 
deformation.  The  result  shows  that  significant  adhesion  enhancement  occurs  when 
the  maximum  spring  deformation  is  greater  than  two  to  three  times  larger  than  the 
a  value  of  the  surface  roughness.  As  the  applied  load  increases,  the  adhesion 
force  increases  up  to  a  certain  applied  load  and  then  has  a  constant  value,  whereas 
adhesion  energy  continues  to  increase  with  increasing  applied  load.  For  the  effect  of 
spring  stiffness,  the  adhesion  coefficient  increases  with  a  decrease  in  the  stiffness 
of  springs.  A  hierarchical  model  with  softer  springs  can  generate  greater  adhesion 
enhancement  for  lower  applied  load.  As  the  number  of  springs  in  the  lower  level 
increases,  the  equivalent  stiffness  decreases.  Therefore,  the  three-level  model  with 
a  larger  number  of  springs  in  the  lowest  level  gives  a  larger  adhesion  force  and 
energy.  Inclusion  of  capillary  forces  in  the  spring  model  shows  that  the  total  adhe- 
sion force  decreases  with  increasing  contact  angle  of  water  on  the  substrate,  and 
the  difference  of  total  adhesion  force  among  different  contact  angles  is  larger  in  the 
intermediate-humidity  regime.  In  addition,  the  simulation  results  match  the  mea- 
sured data  for  a  single  spatula  in  contact  with  both  hydrophilic  and  hydrophobic 
surfaces,  which  further  supports  van  der  Waals  forces  as  the  dominant  mechanism 
of  adhesion  and  capillary  forces  as  a  secondary  mechanism. 

There  is  great  interest  among  the  scientific  community  in  creating  surfaces 
that  replicate  the  adhesion  strength  of  gecko  feet.  These  hierarchical  fibrillar 
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microstructured  surfaces  would  be  capable  of  reusable  dry  adhesion  and  would 
have  uses  in  a  wide  range  of  applications  from  everyday  objects  such  as  adhesive 
tapes,  fasteners,  toys,  microelectronic,  space  applications,  and  treads  of  wall-climb- 
ing robots.  In  the  design  of  fibrillar  structures,  it  is  necessary  to  ensure  that  the 
fibrils  are  compliant  enough  to  deform  easily  to  the  mating  surface's  roughness 
profile,  yet  rigid  enough  not  to  collapse  under  their  own  weight.  Spacing  between 
the  individual  fibrils  is  also  important.  If  the  spacing  is  too  small,  adjacent  fibrils 
can  attract  each  other  through  intermolecular  forces,  which  will  lead  to  bunching. 
The  adhesion  design  database  developed  by  Kim  and  Bhushan  [32]  serves  as  a 
reference  for  choosing  design  parameters. 

Nanoindentation,  lithography,  self-assembly,  and  carbon  nanotube  arrays  are 
some  of  the  methods  that  have  been  used  to  create  fibrillar  structures.  The  limita- 
tions of  current  machining  methods  on  the  micro/nanoscale  have  resulted  in  the 
majority  of  fabricated  surfaces  consisting  of  only  one  level  of  hierarchy.  Bunching, 
lack  of  compliance,  and  lack  of  durability  are  some  of  the  problems  that  may 
arise  with  the  aforementioned  structures.  A  multilayered  compliant  system  has 
been  created  using  a  microelectromechanical-based  approach  in  combination  with 
nanorods.  Multilevel  photolithography  has  also  been  used  to  fabricate  hierarchical 
fibrillar  structures.  Fibrillar  structures  show  great  promise  for  the  creation  of  adhe- 
sive structures.  Some  of  the  structures  have  been  incorporated  into  the  design  of 
treads  of  climbing  robots. 


21.10    Typical  Rough  Surfaces 

Several  natural  (sycamore  tree  bark  and  siltstone)  and  artificial  surfaces  (dry  wall, 
wood  laminate,  steel,  aluminum,  and  glass)  were  chosen  to  determine  the  surface 
parameters  of  typical  rough  surfaces  that  a  gecko  might  encounter.  An  Alpha-step 
200  (Tencor  Instruments,  Mountain  View)  was  used  to  obtain  surface  profiles 
for  three  different  scan  lengths:  80  urn,  which  is  approximately  the  size  of  a  single 
gecko  seta;  2,000  urn,  which  is  close  to  the  size  of  a  gecko  lamella;  and  an  interme- 
diate scan  length  of  400  urn.  The  radius  of  the  stylus  tip  was  1.5-2.5  um,  and  the 
applied  normal  load  was  3  mg.  The  surface  profiles  were  then  analyzed  using 
a  specialized  computer  program  to  determine  the  root-mean-square  amplitude  er, 
correlation  length  /?  ,  peak  to  valley  distance  P-V,  skewness  Sk,  and  kurtosis  K. 

Sample  surface  profiles  and  their  corresponding  parameters  at  a  scan  length  of 
2,000  um  can  be  seen  in  Fig.  21.39a.  The  roughness  amplitude  er  varies  from  as  low 
as  0.01  um  in  glass  to  as  high  as  30  um  in  tree  bark.  Similarly,  the  correlation 
length  varies  from  2  to  300  um.  The  scan  length  dependence  of  the  surface 
parameters  is  illustrated  in  Fig.  21.39b.  As  the  scan  length  of  the  profile  increases, 
so  do  the  roughness  amplitude  and  correlation  length.  Table  21.4  summarizes 
the  scan-length-dependent  parameters  a  and  /?  for  all  seven  sampled  surfaces. 
At  a  scale  length  of  80  urn  (size  of  seta),  the  roughness  amplitude  does  not 
exceed  5  urn,  while  at  a  scale  length  of  2000  um  (size  of  lamella),  the  roughness 
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=  27  um.  /3*  =  251  nm,P-V  =  %(jni,Sk  =  0.1,K=2 


Svlliiiuhv  Ircc  bark 


SiIki."]]l.' 


Painted  dry  wal 


25  um 


=  400  nm,  @*  =  304  urn,  P-V  =  1500  nm,  Sk  =  -0.4,  K  =  2.5 


o  =  500  nm,  /?*  =  222  um,  P-V  =  3300  nm,  Sk  =  0.5,  K  =  2.4 
o=20nm,JS*  =  152|jm,P-V  =  78nm,Sk  =  0.4,K  =  2 


Polished  steel 


Polished  2024 


Polished  sleel 

=  350  nm,  ft*  =  304  urn,  P-V  =  1500  nm,  Sk  =  -0.4.  K  =  2.5 


=  400  nm,  ft*  =  226  urn,  P-V  =  1500  nm.  Sk  =  0,  K  =  1.6 


a  =  70  nm,  /}*  =  1 1 .5  wn,  P-V  =  570  nm,  Sk  =  -0.6,  K  =  6.8 
Wood  laminate  1000  n 


=  20  nm,  0*  =  152  Mm.  P-V  =  78  nm,  Sk  =  0.4,  K  =  2 


10  nm,  fi*  =  14  urn,  P-V  =  31  nm,  Sk  =  0.2,  K  =  1.7 


o=  10  nm,yS*  =  2.2  pm,  P-V  =  33  nm,  Sk  =  0.3,K=  1 


Fig.  21.39  (a)  Surface  height  profiles  of  various  random  rough  surfaces  of  interest  at  a  2,000  um 
scan  length  and  (b)  a  comparison  of  the  profiles  of  two  surfaces  at  80,  400,  and  2,000  um  scan 
lengths  (after  [3]) 

Table  21.4  Scale  dependence  of  surface  parameters  a  and  /?  for  rough  surfaces  at  scan  lengths  of 
80  and  2,000  um  [3] 


Scan  length 

80  urn 

2,000  um 

Surface 

cj(um) 

P*  W 

o-(um) 

f  (um) 

Sycamore  tree  bark 

4.4 

17 

27 

251 

Siltstone 

1.1 

4.8 

11 

268 

Painted  drywall 

1 

11 

20 

93 

Wood  laminate 

0.11 

18 

3.6 

264 

Polished  steel 

0.07 

12 

0.40 

304 

Polished  2024  aluminum 

0.40 

6.5 

0.50 

222 

Glass 

0.01 

2.2 

0.02 

152 

amplitude  is  as  high  as  30  um.  This  suggests  that  setae  should  adapt  to  surfaces 
with  roughness  on  the  order  of  several  micrometers,  while  lamellae  should  adapt 
to  roughness  on  the  order  of  tens  of  micrometers.  Larger  roughness  values  would  be 
adapted  to  by  the  skin  of  the  gecko.  The  spring  model  of  Bhushan  et  al.  [3]  verifies 
that  setae  are  only  capable  of  adapting  to  roughnesses  of  a  few  micrometers  and 
suggests  that  lamellae  are  responsible  for  adaptation  to  rougher  surfaces. 
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Part  VI 
Industrial  Applications 


Chapter  22 

Micro/Nanotribology  and  Micro/Nanomechanics 

of  Magnetic  Storage  Devices 


Bharat  Bhushan 


Abstract  A  magnetic  recording  process  involves  relative  motion  between  a  mag- 
netic medium  (tape  or  disk)  against  a  stationary  or  rotating  read/write  magnetic 
head.  For  ever-increasing,  high  areal  recording  density,  the  linear  flux  density 
(number  of  flux  reversals  per  unit  distance)  and  the  track  density  (number  of  tracks 
per  unit  distance)  should  be  as  high  as  possible.  The  size  of  a  single  bit  dimension 
for  current  devices  is  typically  less  than  1 ,000  nm2.  This  dimension  places  stringent 
restrictions  on  the  defect  size  present  on  the  head  and  medium  surfaces. 

Reproduced  (read-back)  magnetic  signal  amplitude  decreases  with  a  decrease  in 
the  recording  wavelength  and/or  the  track  width.  The  signal  loss  results  from  the 
magnetic  coating  thickness,  read  gap  length,  and  head-to-medium  spacing  (clear- 
ance or  flying  height).  It  is  known  that  the  signal  loss  as  a  result  of  spacing  can 
be  reduced  exponentially  by  reducing  the  separation  between  the  head  and  the 
medium.  The  need  for  increasingly  higher  recording  densities  requires  that  surfaces 
be  as  smooth  as  possible  and  the  flying  height  (physical  separation  or  clearance 
between  a  head  and  a  medium)  be  as  low  as  possible.  The  ultimate  objective  is 
to  run  two  surfaces  in  contact  (with  practically  zero  physical  separation)  if  the 
tribological  issues  can  be  resolved.  Smooth  surfaces  in  near  contact  lead  to  an 
increase  in  adhesion,  friction,  and  interface  temperatures,  and  closer  flying  heights 
lead  to  occasional  rubbing  of  high  asperities  and  increased  wear.  Friction  and  wear 
issues  are  resolved  by  appropriate  selection  of  interface  materials  and  lubricants, 
by  controlling  the  dynamics  of  the  head  and  medium,  and  the  environment. 
A  fundamental  understanding  of  the  tribology  (friction,  wear,  and  lubrication)  of 
the  magnetic  head/medium  interface,  both  on  macro-  and  micro/nanoscales, 
becomes  crucial  for  the  continued  growth  of  this  more  than  $  60  billion  a  year 
magnetic  storage  industry. 

In  this  chapter,  initially,  the  general  operation  of  drives  and  the  construction 
and  materials  used  in  magnetic  head  and  medium  components  are  described.  Then 
the  micro/nanotribological  and  micro/nanomechanics  studies  including  surface 
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roughness,  friction,  adhesion,  scratching,  wear,  indentation,  and  lubrication  rele- 
vant to  magnetic  storage  devices  are  presented. 


22.1     Introduction 

22.1.1     Magnetic  Storage  Devices 

Magnetic  storage  devices  used  for  storage  and  retrieval  are  tape,  flexible  (floppy) 
disk  and  rigid  disk  drives.  These  devices  are  used  for  audio,  video  and  data-storage 
applications.  Magnetic  storage  industry  is  some  $  60  billion  a  year  industry  with 
$  20  billion  for  audio  and  video  recording  (almost  all  tape  drives/media)  and  $  40 
billion  for  data  storage.  In  the  data-storage  industry,  magnetic  rigid  disk  drives/ 
media,  tape  drives/media,  flexible  disk  drives/media,  and  optical  disk  drive/media 
account  for  about  $  25  B,  $  6  B,  $  3  B,  and  $  6  B,  respectively.  Magnetic  recording 
and  playback  involves  the  relative  motion  between  a  magnetic  medium  (tape  or 
disk)  against  a  read-write  magnetic  head.  Heads  are  designed  so  that  they  develop  a 
(load-carrying)  hydrodynamic  air  film  under  steady  operating  conditions  to  mini- 
mize head-medium  contact.  However,  physical  contact  between  the  medium  and 
head  occurs  during  starts  and  stops,  referred  to  as  contact-start-stops  (CSS)  tech- 
nology [1—4].  In  the  modern  magnetic  storage  devices,  the  flying  heights  (head-to- 
medium  separation)  are  on  the  order  of  5-20  nm  and  roughnesses  of  head  and 
medium  surfaces  are  on  the  order  of  1-2  nm  RMS.  The  need  for  ever-increasing 
recording  densities  requires  that  surfaces  be  as  smooth  as  possible  and  the  flying 
heights  be  as  low  as  possible.  Smooth  surfaces  lead  to  an  increase  in  adhesion, 
friction,  and  interface  temperatures,  and  closer  flying  heights  lead  to  occasional 
rubbing  of  high  asperities  and  increased  wear.  High  stiction  (static  friction)  and 
wear  are  the  limiting  technology  to  future  of  this  industry.  Head  load/unload  (L/UL) 
technology  has  recently  been  used  as  an  alternative  to  CSS  technology  in  rigid 
disk  drives  that  eliminates  stiction  and  wear  failure  mode  associated  with  CSS.  In 
an  L/UL  drive,  a  lift  tab  extending  from  the  suspension  load  beam  engages  a  ramp 
or  cam  structure  as  the  actuator  moves  beyond  the  outer  radius  of  the  disk.  The  ramp 
lifts  (or  unloads)  the  head  stack  from  the  disk  surfaces  as  the  actuator  moves  to  the 
parking  position.  Starting  and  stopping  the  disk  only  occur  with  the  head  in  the 
unloaded  state.  Several  contact  or  near  contact  recording  devices  are  at  various 
stages  of  development.  High  stiction  and  wear  are  the  major  impediments  to  the 
commercialization  of  the  contact  recording  [1-7]. 

Magnetic  media  fall  into  two  categories:  particulate  media,  where  magnetic 
particles  (y-Fe203,  Co-yFe203,  CrC>2,  Fe  or  metal  (MP),  or  barium  ferrite)  are 
dispersed  in  a  polymeric  matrix  and  coated  onto  a  polymeric  substrate  for  flexible 
media  (tape  and  flexible  disks);  thin-film  media,  where  continuous  films  of  mag- 
netic materials  are  deposited  by  vacuum  deposition  techniques  onto  a  polymer 
substrate  for  flexible  media  or  onto  a  rigid  substrate  (typically  aluminium  and  more 
recently  glass  or  glass  ceramic)  for  rigid  disks.  The  most  commonly  used  thin 
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magnetic  films  for  tapes  are  evaporated  Co-Ni  (82-18  at.%)  or  Co-O  dual  layer. 
Typical  magnetic  films  for  rigid  disks  are  metal  films  of  cobalt-based  alloys  (such 
as  sputtered  Co-Pt-Ni,  Co-Ni,  Co-Pt-Cr,  Co-Cr  and  Co-NiCr).  For  high  record- 
ing densities,  trends  have  been  to  use  thin-film  media.  Magnetic  heads  used  to  date 
are  either  conventional  thin-film  inductive,  magnetoresistive  (MR)  and  giant  MR 
(GMR)  heads.  The  air-bearing  surfaces  (ABS)  of  tape  heads  are  generally  cylindri- 
cal in  shape.  For  dual-sided  flexible-disk  heads,  two  heads  are  either  spherically 
contoured  and  slightly  offset  (to  reduce  normal  pressure)  or  are  flat  and  loaded 
against  each  other.  The  rigid-disk  heads  are  supported  by  a  leaf  spring  (flexure) 
suspension.  The  ABS  of  heads  are  almost  made  of  Mn-Zn  ferrite,  Ni-Zn  ferrite, 
Al203-TiC  and  calcium  titanate.  The  ABS  of  some  conventional  heads  are  made  of 
plasma  sprayed  coatings  of  hard  materials  such  as  Al203-Ti02  and  Zr02  [2—4]. 

Figure  22. 1  shows  the  schematic  illustrating  the  tape  path  with  details  of  tape 
guides  in  a  data-processing  linear  tape  drive  (IBM  LTO  Genl)  which  uses  a 
rectangular  tape  cartridge.  Figure  22.2a  shows  the  sectional  views  of  particulate 
and  thin-film  magnetic  tapes.  Almost  exclusively,  the  base  film  is  made  of  semi- 
crystalline  biaxially-oriented  poly  (ethylene  terephthalate)  (or  PET)  or  poly  (ethylene 
2,6  naphthalate)  (or  PEN)  or  Aramid.  The  particulate  coating  formulation  consists 
of  binder  (typically  polyester  polyurethane),  submicron  accicular  shaped  magnetic 
particles  (about  50  nm  long  with  an  aspect  ratio  of  about  5),  submicron  head 
cleaning  agents  (typically  alumina)  and  lubricant  (typically  fatty  acid  ester).  For 
protection  against  wear  and  corrosion  and  low  friction/stiction,  the  thin-film  tape  is 
first  coated  with  a  diamondlike  carbon  (DLC)  overcoat  deposited  by  plasma 
enhanced  chemical  vapor  deposition,  topically  lubricated  with  primarily  a  perfluoro- 
polyether  lubricant.  Figure  22.2b  shows  the  schematic  of  an  8-track  (along  with 
2  servo  tracks)  thin-film  read-write  head  with  MR  read  and  inductive  write.  The 
head  steps  up  and  down  to  provide  384  total  data  tracks  across  the  width  of  the  tape. 
The  ABS  is  made  of  Al203-TiC.  A  tape  tension  of  about  1  N  over  a  12.7  mm  wide 
tape  (normal  pressure  «  14  kPa)  is  used  during  use.  The  RMS  roughnesses  of  ABS 
of  the  heads  and  tape  surfaces  typically  are  1—1.5  nm  and  5-8  nm,  respectively. 


Cartridge  reel 


Rewind 


Fig.  22.1  Schematic  of  tape 
path  in  an  IBM  Linear  Tape 
Open  (LTO)  tape  drive 
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Fig.  22.2    (a)  Sectional  views  of  particulate  and  thin-film  magnetic  tapes,  and  (b)  schematic  of  a 
magnetic  thin-film  read/write  head  for  an  IBM  LTO  Gen  1  tape  drive 
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Figure  22.3  shows  the  schematic  of  a  data  processing  rigid  disk  drive  with  22.6-, 
27.4-,  48-,  63.5-,  75-,  and  95-mm  form  factor.  Nonremovable  stack  of  multiple 
disks  mounted  on  a  ball  bearing  or  hydrodynamic  spindle,  are  rotated  by  an  electric 
motor  at  constant  angular  speed  ranging  from  about  5,000  to  in  excess  of  15,000 
RPM,  dependent  upon  the  disk  size.  Head  slider-suspension  assembly  (allowing 
one  slider  for  each  disk  surface)  is  actuated  by  a  stepper  motor  or  a  voice  coil  motor 
using  a  rotary  actuator.  Figure  22.4a  shows  the  sectional  views  of  a  thin-film  rigid 
disk.  The  substrate  for  rigid  disks  is  generally  a  non  heat-treatable  aluminium- 
magnesium  alloy  5086,  glass  or  glass  ceramic.  The  protective  overcoat  commonly 
used  for  thin-film  disks  is  sputtered  DLC,  topically  lubricated  with  perfluoropolyether 


Fig.  22.3  Schematic  of  a 
data-processing  magnetic 
rigid  disk  drive 


Thin-film  disk 


Liquid  lubricant 
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Padded  picoslider 
used  for  CSS 


Fig.  22.4    (a)  Sectional  views 
of  a  thin-film  magnetic  rigid 
disk,  and  (b)  schematic  of 
two  picosliders  -  load/unload 
picoslider  and  padded 
picoslider  used  for  CSS 


Pads (seven 
total  on  ABS) 
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type  of  lubricants.  Lubricants  with  polar-end  groups  are  generally  used  for  thin-film 
disks  in  order  to  provide  partial  chemical  bonding  to  the  overcoat  surface.  The  disks 
used  for  CSS  technology  are  laser  textured  in  the  landing  zone.  Figure  22.4b  shows 
the  schematic  of  two  thin-film  head  picosliders  with  a  step  at  the  leading  edge,  and 
GMR  read  and  inductive  write.  "Pico"  refers  to  the  small  sizes  of  1 .25  mm  x  1  mm. 
These  sliders  use  AI2O3— TiC  (70  —  30  wt%)  as  the  substrate  material  with  multilay- 
ered  thin-film  head  structure  coated  and  with  about  3.5  nm  thick  DLC  coating  to 
prevent  the  thin  film  structure  from  electrostatic  discharge.  The  seven  pads  on  the 
padded  slider  are  made  of  DLC  and  are  about  40  urn  in  diameter  and  50  nm  in  height. 
A  normal  load  of  about  3  g  is  applied  during  use. 


22.1.2    MicrolNanotribology  and  MicrolNanomechanics 
and  Their  Applications 

The  micro/nanotribological  studies  are  needed  to  develop  fundamental  understanding 
of  interfacial  phenomena  on  a  small  scale  and  to  study  interfacial  phenomena  in 
[8-12].  Magnetic  storage  devices  operate  under  low  load  and  encounter  isolated  asperity 
interactions.  These  use  multilayered  thin  film  structure  and  are  generally  lubricated 
with  molecularly-thin  films.  Micro/nanotribological  and  micro/nanomechanical 
techniques  are  ideal  to  study  the  friction  and  wear  processes  of  micro/nanoscale 
and  molecularly  thick  films.  These  studies  are  also  valuable  in  fundamental  under- 
standing of  interfacial  phenomena  in  macrostructures  to  provide  a  bridge  between 
science  and  engineering.  At  interfaces  of  technological  applications,  contact  occurs 
at  multiple  asperity  contacts.  A  sharp  tip  of  tip-based  microscopes  (atomic  force/ 
friction  force  microscopes  or  AFM/FFM)  sliding  on  a  surface  simulates  a  single 
asperity  contact,  thus  allowing  high-resolution  measurements  of  surface  interactions 
at  a  single  asperity  contacts.  AFMs/FFMs  are  now  commonly  used  for  tribological 
studies. 

In  this  chapter,  we  present  state-of-the-art  of  micro/nanotribology  and  micro/ 
nanomechanics  of  magnetic  storage  devices  including  surface  roughness,  friction, 
adhesion,  scratching,  wear,  indentation,  and  lubrication. 


22.2     Experimental 

22.2.1     Description  of  AFM/FFM 

AFM/FFMs  used  in  the  tribological  studies  have  been  described  in  several  papers 
[10,  12,  13].  Briefly,  in  one  of  the  commercial  designs,  the  sample  is  mounted  on  a 
PZT  tube  scanner  to  scan  the  sample  in  the  x-y-plane  and  to  move  the  sample  in  the 
vertical  (z)  direction  (Fig.  22.5).  A  sharp  tip  at  the  end  of  a  flexible  cantilever  is 
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Fig.  22.5    Principles  of  operation  of  a  commercial  small  sample  AFM/FFM 


Fig.  22.6    Schematic  of 
triangular  pattern  trajectory  of 
the  AFM  tip  as  the  sample  is 
scanned  in  two  dimensions. 
During  imaging,  data  are 
recorded  only  during  scans 
along  the  solid  scan  lines 


Fast  scan  direction 


brought  in  contact  with  the  sample  and  the  sample  is  scanned  in  a  raster  pattern 
(Fig.  22.6).  Normal  and  frictional  forces  being  applied  at  the  tip-sample  interface 
are  simultaneously  measured  using  a  laser  beam  deflection  technique.  Surface 
roughness  is  measured  either  in  the  contact  mode  or  the  so-called  tapping  mode 
(intermittent  contact  mode).  For  surface  roughness  and  friction  measurements,  a 
microfabricated  square  pyramidal  Si3N4  tip  with  a  tip  radius  of  about  30  nm 
attached  to  a  cantilever  beam  (with  a  normal  beam  stiffness  of  about  0.5  N/m)  for 
contact  mode  or  a  square-pyramidal  etched  single-crystal  silicon  tip  with  a  rectan- 
gular silicon  cantilever  beam  (Fig.  22.7)  is  generally  used  at  normal  loads  ranging 
from  10  to  150  nN.  A  preferred  method  of  measuring  friction  and  calibration 
procedures  for  conversion  of  voltages  corresponding  to  normal  and  friction  forces 
to  force  units,  are  described  by  Bhushan  [10,  12,  13].  The  samples  are  typically 
scanned  over  scan  areas  ranging  from  50  nm  x  50  nm  to  10  um  x  10  um,  in  a 
direction  orthogonal  to  the  long  axis  of  the  cantilever  beam  [14].  The  scan  rate  is  on 
the  order  of  1  Hz.  For  example,  for  this  rate,  the  sample  scanning  speed  would  be 
1  um/s  for  a  500  nm  x  500  nm  scan  area.  Adhesive  force  measurements  are 
performed  in  the  so-called  friction  calibration  mode.  In  this  technique,  the  tip  is 
brought  in  contact  with  the  sample  and  then  pulled  away.  The  force  required  to  pull 
the  tip  off  the  sample  is  a  measure  of  adhesive  force. 
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Fig.  22.7    SEM  micrographs 
of  a  square-pyramidal 
PECVD  Si3N4  tip  with  a 
triangular  cantilever  beam 
(top),  a  square-pyramidal 
etched  single-crystal  silicon 
tip  with  a  rectangular  silicon 
cantilever  beam  (middle),  and 
a  three-sided  pyramidal 
natural  diamond  tip  with  a 
square  stainless  steel 
cantilever  beam  (bottom) 


Square  pyramidal  silicon  nitride  tip 


In  nanoscale  wear  studies,  the  sample  is  initially  scanned  twice,  typically  at 
10  nN  to  obtain  the  surface  profile,  then  scanned  twice  at  a  higher  load  of  typically 
100  nN  to  wear  and  to  image  the  surface  simultaneously,  and  then  rescanned 
twice  at  10  nN  to  obtain  the  profile  of  the  worn  surface.  For  magnetic  media  studied 
by  Bhushan  and  Ruan  [15],  no  noticeable  change  in  the  roughness  profiles  was 
observed  between  the  initial  two  scans  at  10  nN  and  between  profiles  scanned  at 
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100  nN  and  the  final  scans  at  10  nN.  Therefore  any  changes  in  the  topography 
between  the  initial  scans  at  10  nN  and  the  scans  at  100  nN  (or  the  final  scans  at 
10  nN)  are  believed  to  occur  as  a  result  of  local  deformation  of  the  sample  surface. 
In  picoindentation  studies,  the  sample  is  loaded  in  contact  with  the  tip.  During 
loading,  tip  deflection  (normal  force)  is  measured  as  a  function  of  vertical  position 
of  the  sample.  For  a  rigid  sample,  the  tip  deflection  and  the  sample  traveling 
distance  (when  the  tip  and  sample  come  into  contact)  are  equal.  Any  decrease  in 
the  tip  deflection  as  compared  to  vertical  position  of  the  sample  represents  indenta- 
tion. To  ensure  that  the  curvature  in  the  tip  deflection-sample  traveling  distance 
curve  does  not  arise  from  PZT  hysteresis,  measurements  on  several  rigid  samples, 
including  single-crystal  natural  diamond  (Ha),  were  made  by  Bhushan  and  Ruan 
[15].  No  curvature  was  noticed  for  the  case  of  rigid  samples.  This  suggests  that  any 
curvature  for  other  samples  should  arise  from  the  indentation  of  the  sample. 

For  microscale  scratching,  microscale  wear  and  nanoscale  indentation  hardness 
measurements,  a  three-sided  pyramidal  single-crystal  natural  diamond  tip  with  an 
apex  angle  of  80°  and  a  tip  radius  of  about  100  nm  (determined  by  scanning  electron 
microscopy  imaging)  (Fig.  22.7)  is  used  at  relatively  high  loads  (1  u.N-150  uN). 
The  diamond  tip  is  mounted  on  a  stainless  steel  cantilever  beam  with  normal 
stiffness  of  about  25  N/m  [16-19].  For  scratching  and  wear  studies,  the  sample  is 
generally  scanned  in  a  direction  orthogonal  to  the  long  axis  of  the  cantilever  beam 
(typically  at  a  rate  of  0.5  Hz).  For  wear  studies,  typically  an  area  of  2  um  x  2  um  is 
scanned  at  various  normal  loads  (ranging  from  1  to  100  uN)  for  selected  number  of 
cycles.  Scratching  can  also  be  performed  at  ramped  loads  [20].  For  nanoindentation 
hardness  measurements,  the  scan  size  is  set  to  zero  and  then  normal  load  is  applied 
to  make  the  indents.  During  this  procedure,  the  diamond  tip  is  continuously  pressed 
against  the  sample  surface  for  about  two  seconds  at  various  indentation  loads. 
Sample  surface  is  scanned  before  and  after  the  scratching,  wear,  or  nanoindentation, 
to  obtain  the  initial  and  the  final  surface  topography,  at  a  low  normal  load  of  about 
0.3  u.N  using  the  same  diamond  tip.  An  area  larger  than  the  scratched,  worn  or 
indentation  region  is  scanned  to  observe  the  scratch,  wear  scars,  or  indentation 
marks.  Nanohardness  is  calculated  by  dividing  the  indentation  load  by  the  projected 
residual  area  of  the  indents  [17].  Nanohardness  and  Young's  modulus  of  elasticity 
(stiffness)  at  shallow  depths  as  low  as  5  nm  are  measured  using  a  depth-sensing 
capacitance  transducer  system  in  an  AFM  [19]. 

Indentation  experiments  provide  a  single-point  measurement  of  the  Young's 
modulus  of  elasticity  (stiffness),  localized  surface  elasticity  as  well  as  phase 
contrast  maps  (to  obtain  viscoelastic  properties  map)  can  be  obtained  using 
dynamic  force  microscopy  in  which  an  oscillating  tip  is  scanned  over  the  sample 
surface  in  contact  under  steady  and  oscillating  load  [21-24].  Recently,  a  torsional 
resonance  (TR)  mode  has  been  introduced  [25,  26]  which  provides  higher  resolu- 
tion. Stiffness  and  phase  contrast  maps  can  provide  magnetic  particle/polymer 
distributions  in  magnetic  tapes  as  well  as  lubricant  film  thickness  distribution. 

Boundary  lubrication  studies  are  conducted  using  either  Si3N4  or  diamond  tips 
[27-30].  The  coefficient  of  friction  is  monitored  as  a  function  of  sliding  cycles. 

All  measurements  are  carried  out  in  the  ambient  atmosphere  (22  ±  1°C, 
45  ±  5%  RH,  and  Class  10,000). 
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22.2.2     Test  Specimens 

Data  on  various  head  slider  materials  and  magnetic  media  are  presented  in  the 
chapter.  Al203-TiC  (70  —  30  w/o)  and  polycrystalline  and  single-crystal  (110) 
Mn-Zn  ferrite  are  commonly  used  for  construction  of  disk  and  tape  heads.  AI2O3, 
a  single-phase  material,  is  also  selected  for  comparisons  with  the  performance  of 
Al203-TiC,  a  two-phase  material.  An  a-type  SiC  is  also  selected  which  is  a 
candidate  slider  material  because  of  its  high  thermal  conductivity  and  attractive 
machining  and  friction  and  wear  properties  [31].  Single  crystal  silicon  has  also  been 
used  in  some  head  sliders  but  its  use  is  discontinued  [32]. 

Two  thin-film  rigid  disks  with  polished  and  textured  substrates,  with  and  without 
a  bonded  perfluoropolyether  are  selected.  These  disks  are  95  mm  in  diameter  made 
of  Al-Mg  alloy  substrate  (1.3  mm  thick)  with  a  10  um  thick  electroless  plated  Ni-P 
coating,  75  nm  thick  (Co79Pt14Ni7)  magnetic  coating,  20  nm  thick  amorphous 
carbon  or  diamondlike  carbon  (DLC)  coating  (microhardness  ss  1 ,500  kg/mm  as 
measured  using  a  Berkovich  indenter),  and  with  or  without  a  top  layer  of  perfluoro- 
polyether lubricant  with  polar  end  groups  (Z-DOL)  coating.  The  thickness  of  the 
lubricant  film  is  about  2  nm.  The  metal  particle  (MP)  tape  is  a  12.7  mm  wide  and 
13.2  um  thick  (PET  base  thickness  of  9.8  urn,  magnetic  coating  of  2.9  urn  with 
metal  magnetic  particles  and  nonmagnetic  particles  of  AI2O3  and  Cr203,  and  back 
coating  of  0.5  um).  The  barium  ferrite  (BaFe)  tape  is  a  12.7  mm  wide  and  11  um 
thick  (PET  base  thickness  of  7.3  um,  magnetic  coating  of  2.5  um  with  barium 
ferrite  magnetic  particles  and  nonmagnetic  particles  of  AI2O3,  and  back  coating  of 
1 .2  um).  Metal  evaporated  (ME)  tape  is  a  12.7  mm  wide  tape  with  10  um  thick  base, 
0.2  um  thick  evaporated  Co-Ni  magnetic  film  and  about  10  nm  thick  perfluoro- 
polyether lubricant  and  a  backcoat.  PET  film  is  a  biaxially-oriented,  semicrystalline 
polymer  with  particulates.  Two  sizes  of  nearly  spherical  particulates  are  generally 
used  in  the  construction  of  PET:  submicron  («  0.5  um)  particles  of  typically  carbon 
and  larger  particles  (2-3  um)  of  silica. 


22.3     Surface  Roughness 

Solid  surfaces,  irrespective  of  the  method  of  formation,  contain  surface  irregula- 
rities or  deviations  from  the  prescribed  geometrical  form.  When  two  nominally  flat 
surfaces  are  placed  in  contact,  surface  roughness  causes  contact  to  occur  at  discrete 
contact  points.  Deformation  occurs  at  these  points,  and  may  be  either  elastic  or 
plastic,  depending  on  the  nominal  stress,  surface  roughness  and  material  properties. 
The  sum  of  the  areas  of  all  the  contact  points  constitutes  the  real  area  that  would  be 
in  contact,  and  for  most  materials  at  normal  loads,  this  will  be  only  a  small  fraction 
of  the  area  of  contact  if  the  surfaces  were  perfectly  smooth.  In  general,  real  area  of 
contact  must  be  minimized  to  minimize  adhesion,  friction  and  wear  [12]. 
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Characterizing  surface  roughness  is  therefore  important  for  predicting  and  under- 
standing the  tribological  properties  of  solids  in  contact.  Various  measurement  tech- 
niques are  used  to  measure  surface  roughness.  The  AFM  is  used  to  measure  surface 
roughness  on  length  scales  from  nanometers  to  micrometers.  A  second  technique  is 
noncontact  optical  profiler  (NOP)  which  is  a  noncontact  technique  and  does  not 
damage  the  surface.  The  third  technique  is  stylus  profiler  (SP)  in  which  a  sharp  tip  is 
dragged  over  the  sample  surface.  These  techniques  differ  in  lateral  resolution.  Rough- 
ness plots  of  a  glass-ceramic  disk  measured  using  an  AFM  (lateral  resolution  « 
15  nm),  NOP  (lateral  resolution  «  1  um)  and  SP  (lateral  resolution  of  «  0.2  um) 
are  shown  in  Fig.  22.8a.  Figure  22.8b  compares  the  profiles  of  the  disk  obtained 
with  different  instruments  at  a  common  scale.  The  figures  show  that  roughness  is 
found  at  scales  ranging  from  millimeter  to  nanometer  scales.  Measured  roughness 
profile  is  dependent  on  the  lateral  and  normal  resolutions  of  the  measuring  instru- 
ment [33-37].  Instruments  with  different  lateral  resolutions  measure  features  with 
different  scale  lengths.  It  can  be  concluded  that  a  surface  is  composed  of  a  large 
number  of  length  of  scales  of  roughness  that  are  superimposed  on  each  other. 

Surface  roughness  is  most  commonly  characterized  by  the  standard  deviation  of 
surface  heights  which  is  the  square  roots  of  the  arithmetic  average  of  squares  of  the 
vertical  deviation  of  a  surface  profile  from  its  mean  plane.  Due  to  the  multiscale 
nature  of  surfaces,  it  is  found  that  the  variances  of  surface  height  and  its  derivatives 
and  other  roughness  parameters  depend  strongly  on  the  resolution  of  the  roughness 
measuring  instrument  or  any  other  form  of  filter,  hence  not  unique  for  a  surface 
[35-38]  (Fig.  22.9).  Therefore,  a  rough  surface  should  be  characterized  in  a  way 
such  that  the  structural  information  of  roughness  at  all  scales  is  retained.  It  is 
necessary  to  quantify  the  multiscale  nature  of  surface  roughness. 

An  unique  property  of  rough  surfaces  is  that  if  a  surface  is  repeatedly  magni- 
fied, increasing  details  of  roughness  are  observed  right  down  to  nanoscale.  In 
addition,  the  roughness  at  all  magnifications  appear  quite  similar  in  structure,  as 
qualitatively  shown  in  Fig.  22.10.  The  statistical  self-affinity  is  due  to  similarity  in 
appearance  of  a  profile  under  different  magnifications.  Such  a  behavior  can  be 
characterized  by  fractal  analysis  [35,  39].  The  main  conclusion  from  these  studies 
are  that  a  fractal  characterization  of  surface  roughness  is  scale  independent  and 
provides  information  of  the  roughness  structure  at  all  length  scales  that  exhibit  the 
fractal  behavior. 

Structure  function  and  power  spectrum  of  a  self-affine  fractal  surface  follow  a 
power  law  and  can  be  written  as  (Ganti  and  Bhushan  model) 

S(T)=Cr/2D-3V4-2D>,  (22.1) 

P(°>)=JjsZW,  (22.2a) 


and 


r(5-2P)Sin[rc(2-P)] 

t'l  = C.  (22.2b) 

2% 
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Fig.  22.8    Surface  roughness 
plots  of  a  glass-ceramic  disk 

(a)  measured  using  an  atomic 
force  microscope  (lateral 
resolution  rj  15  nm), 
noncontact  optical  profiler 
(NOP)  (lateral  resolution 

rs  1  urn)  and  stylus  profiler 
(SP)  with  a  stylus  tip  of 
0.2  pm  radius  (lateral 
resolution  rj  0.2  um),  and 

(b)  measured  using  an  AFM 
(«  150  nm),  SP(«  0.2  um), 
and  NOP  («  1  pm)  and 
plotted  on  a  common 

scale  [36] 
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Fig.  22.9    Scale  dependence 
of  standard  deviation  of 
surface  heights  for  a 
glass-ceramic  disk,  measured 
using  atomic  force 
microscope  (AFM),  stylus 
profiler  (SP),  and  noncontact 
optical  profiler  (NOP) 
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Fig.  22.10    Qualitative 
description  of  statistical  self- 
affinity  for  a  surface  profile 


The  fractal  analysis  allows  the  characterization  of  surface  roughness  by  two 
parameters  D  and  C  which  are  instrument-independent  and  unique  for  each  surface. 
D  (ranging  from  1  to  2  for  surface  profile)  primarily  relates  to  relative  power  of  the 
frequency  contents  and  C  to  the  amplitude  of  all  frequencies,  ij  is  the  lateral 
resolution  of  the  measuring  instrument,  x  is  the  size  of  the  increment  (distance), 
and  co  is  the  frequency  of  the  roughness.  Note  that  if  S(x)  or  P(co)  are  plotted  as  a 
function  of  x  or  co,  respectively,  on  a  log-log  plot,  then  the  power  law  behavior 
would  result  into  a  straight  line.  The  slope  of  line  is  related  to  D  and  the  location  of 
the  spectrum  along  the  power  axis  is  related  to  C. 

Figure  22. 1 1  present  the  structure  function  of  a  thin-film  rigid  disk  measured 
using  ATM,  non-contact  optical  profiler  (NOP),  and  stylus  profiler  (SP).  Horizontal 
shift  in  the  structure  functions  from  one  scan  to  another,  arises  from  the  change  in 
the  lateral  resolution.  D  and  C  values  for  various  scan  lengths  are  listed  in 
Table  22. 1 .  We  note  that  fractal  dimension  of  the  various  scans  is  fairly  constant 
(1.26-1.33);  however,  C  increases/decreases  monotonically  with  a  for  the  AFM 
data.  The  error  in  estimation  of  r\  is  believed  to  be  responsible  for  variation  in  C. 
These  data  show  that  the  disk  surface  follows  a  fractal  structure  for  three  decades  of 
length  scales. 

Majumdar  and  Bhushan  [40]  and  Bhushan  and  Majumdar  [41]  developed  a 
fractal  theory  of  contact  between  two  rough  surfaces.  This  model  has  been  used 
to  predict  whether  contacts  experience  elastic  or  plastic  deformation  and  to  predict 
the  statistical  distribution  of  contact  points.  For  a  review  of  contact  models,  see 
Bhushan  [42,  43]  and  Bhushan  and  Peng  [44]. 
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Fig.  22.11    Structure 
functions  for  the  roughness 
data  measured  at  various  scan 
sizes  using  AFM  (scan  sizes: 
1  um  x  1  urn, 
10  um  x  10  um, 
50  um  x  50  um, 
and  100  um),  NOP 
(scan  size:  250  um  x  250  um), 
and  SP  (scan  length: 
4,000  um),  for  a  magnetic 
thin-film  rigid  disk  [35] 
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Table  22.1    Surface 
roughness  parameters  for  a 
polished  thin-film  rigid  disk 


Scan  size  (um 

x  urn) 

a  (nm) 

D 

C(nm) 

1  (AFM) 

0.7 

1.33 

9.8  x  10"4 

10  (AFM) 

2.1 

1.31 

7.6  x  IO"3 

50  (AFM) 

4.8 

1.26 

1.7  x  IO"2 

100  (AFM) 

5,6 

1.30 

1.4  x  IO"2 

250  (NOP) 

2.4 

1.32 

2.7  x  10"4 

4,000  (NOP) 

3.7 

1.29 

7.9  x  IO"5 

AFM  Atomic  force  microscope,  NOP  Noncontact  optical  profiler 


Based  on  the  fractal  model  of  elastic-plastic  contact,  whether  contacts  go 
through  elastic  or  plastic  deformation  is  determined  by  a  critical  area  which  is  a 
function  of  D,  C,  hardness  and  modulus  of  elasticity  of  the  mating  surfaces.  If 
contact  spot  is  smaller  than  the  critical  area,  it  goes  through  the  plastic  deformations 
and  large  spots  go  through  elastic  deformations.  The  critical  contact  area  for 
inception  of  plastic  deformation  for  a  thin-film  disk  was  reported  by  Majumdar 
and  Bhushan  [40]  to  be  about  10~  7  m  ,  so  small  that  all  contact  spots  can  be 
assumed  to  be  elastic  at  moderate  loads. 

The  question  remains  as  to  how  large  spots  become  elastic  when  they  must  have 
initially  been  plastic  spots.  The  possible  explanation  is  shown  in  Fig.  22.12.  As  two 
surfaces  touch,  the  nanoasperities  (detected  by  AFM  type  of  instruments)  first  coming 
into  contact  have  smaller  radii  of  curvature  and  are  therefore  plastically  deformed 
instantly,  and  the  contact  area  increases.  When  load  is  increased,  nanoasperities  in 
the  contact  merge,  and  the  load  is  supported  by  elastic  deformation  of  the  large  scale 
asperities  or  microasperities  (detected  by  optical  profiler  type  of  instruments)  [33]. 

Majumdar  and  Bhushan  [40]  and  Bhushan  and  Majumdar  [41]  have  reported 
relationships  for  cumulative  size  distribution  of  the  contact  spots,  portions  of  the 
real  area  of  contact  in  elastic  and  plastic  deformation  modes,  and  the  load-area 
relationships. 
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Fig.  22.12  Schematic  of  local  asperity  deformation  during  contact  of  a  rough  surface,  upper 
profile  measured  by  an  optical  profiler  and  lower  profile  measured  by  AFM,  typical  dimensions  are 
shown  for  a  polished  thin-film  rigid  disk  against  a  flat  head  slider  surface  [33] 

22.4    Friction  and  Adhesion 


Friction  and  adhesion  of  magnetic  head  sliders  and  magnetic  media  have  been 
measured  by  Bhushan  and  Koinkar  [16,  45-48],  Bhushan  and  Ruan  [15],  Ruan 
and  Bhushan  [14],  Bhushan  et  al.  [27],  Bhushan  [2,  4,  10],  Koinkar  and  Bhushan 
[28,  29,  38,  49],  Kulkarni  and  Bhushan  [50],  and  Li  and  Bhushan  [51,  52],  and 
Sundararajan  and  Bhushan  [53]. 

Koinkar  and  Bhushan  [28,  29]  and  Poon  and  Bhushan  [36,  37]  reported  that 
RMS  roughness  and  friction  force  increase  with  an  increase  in  scan  size  at  a  given 
scanning  velocity  and  normal  force.  Therefore,  it  is  important  that  while  reporting 
friction  force  values,  scan  sizes  and  scanning  velocity  should  be  mentioned. 
Bhushan  and  Sundararajan  [54]  reported  that  friction  and  adhesion  forces  are  a 
function  of  tip  radius  and  relative  humidity  (also  see  [29]).  Therefore,  relative 
humidity  should  be  controlled  during  the  experiments.  Care  also  should  be  taken 
to  ensure  that  tip  radius  does  not  change  during  the  experiments. 


22.4.1     Magnetic  Head  Materials 

Al203-TiC  is  a  commonly  used  slider  material.  In  order  to  study  the  friction 
characteristics  of  this  two  phase  material,  friction  of  A^C^-TiC  (70  —  30  wt%) 
surface  was  measured.  Figure  22.13  shows  the  surface  roughness  and  friction  force 
profiles  [28].  TiC  grains  have  a  Knoop  hardness  of  about  2,800  kg/mm  which  is 
higher  than  that  of  AI2O3  grains  of  about  2,100  kg/mm2.  Therefore,  TiC  grains  do 
not  polish  as  much  and  result  in  a  slightly  higher  elevation  (about  2-3  nm  higher 
than  that  of  AI2O3  grains).  Based  on  friction  force  measurements,  TiC  grains 
exhibit  higher  friction  force  than  AI2O3  grains.  The  coefficients  of  friction  of  TiC 
and  AI2O3  grains  are  0.034  and  0.026,  respectively  and  the  coefficient  of  friction  of 
Al203-TiC  composite  is  0.03.  Local  variation  in  friction  force  also  arises  from  the 
scratches  present  on  the  Al203-TiC  surface.  Thus,  local  friction  values  of  a  two 
phase  materials  can  be  measured.  Ruan  and  Bhushan  [55]  reported  that  local 
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Fig.  22.13    Gray  scale  surface  roughness  (a  =  0.97  nm)  and  friction  force  map  (mean  =  7.0  nN, 
a  =  0.60  nN)  for  Al203-TiC  (70  to  30  wt%)  at  a  normal  load  of  166  nN 


variation  in  the  coefficient  of  friction  of  cleaved  HOP  graphite  was  significant 
which  arises  from  structural  changes  occurring  during  the  cleaving  process.  The 
cleaved  HOPG  surface  is  largely  atomically  smooth  but  exhibits  line  shaped 
regions  in  which  the  coefficient  of  friction  is  more  than  an  order  of  magnitude 
larger.  These  measurements  suggest  that  friction  measurements  can  be  used  for 
structural  mapping  of  the  surfaces. 

Surface  roughness  and  coefficient  of  friction  of  various  head  slider  materials 
were  measured  by  Koinkar  and  Bhushan  [29].  For  typical  values,  see  Table  22.2. 
Macroscale  friction  values  for  all  samples  are  higher  than  microscale  friction  values 
as  there  is  less  plowing  contribution  in  microscale  measurements  [10,  12,  13]. 


22.4.2    Magnetic  Media 


Bhushan  and  coworkers  measured  friction  properties  of  magnetic  media  including 
polished  and  textured  thin-film  rigid  disks,  metal  particle  (MP),  barium  ferrite 
(BaFe)  and  metal  evaporated  (ME)  tapes,  and  poly(ethylene  terephthalate)(PET) 
tape  substrate  [2,  4,  10].  For  typical  values  of  coefficients  of  friction  of  thin-film 
rigid  disks  and  MP,  BaFe  and  ME  tapes,  PET  tape  substrate  (Table  22.3).  In  the  case 
of  magnetic  disks,  similar  coefficients  of  friction  are  observed  for  both  lubricated 
and  unlubricated  disks,  indicating  that  most  of  the  lubricant  (though  partially 
thermally  bonded)  is  squeezed  out  from  between  the  rubbing  surfaces  at  high 
interface  pressures,  consistent  with  liquids  being  poor  boundary  lubricant  [13]. 
Coefficient  of  friction  values  on  a  microscale  are  much  lower  than  those  on  the 
macroscale.  When  measured  for  the  small  contact  areas  and  very  low  loads  used  in 
microscale  studies,  indentation  hardness  and  modulus  of  elasticity  are  higher  than  at 
the  macroscale  (data  to  be  presented  later).  This  reduces  the  real  area  of  contact  and 
the  degree  of  wear.  In  addition,  the  small  apparent  areas  of  contact  reduces  the 
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Table  22.2    Surface  roughness  (a  and  P-V  distance),  micro-  and  macro-scale  friction,  micro- 
scratching/wear,  and  nano-  and  microhardness  data  for  various  samples 


Sample 

Surface 

Coefficient  of  friction 

Scratch 

Wear 

Hardness 

roughness 

Microscale 

Macroscale 

depth  at 

depth  at 

Nano 

(1  um  x  1  um) 

60  uN 

60  uN 

Micro  at 

a          P-V 

(ran)     (nm) 

Initial 

Final 

(nm) 

(nm) 

2  mN 
(GPa) 

A1203 

0.97     9.9 

0.03 

0.18 

0.2-0.6 

3.2 

3.7 

24.8    15.0 

Al203-TiC 

0.80     9.1 

0.05 

0.24 

0.2-0.6 

2.8 

22.0 

23.6   20.2 

Polycrystalline 

2.4     20.0 

0.04 

0.27 

0.24-0.4 

9.6 

83.6 

9.6     5.6 

Mn-Zn  ferrite 

1.9      13.7 

0.02 

0.16 

0.18-0.24 

9.0 

56.0 

9.8     5.6 

Single- 

crystal 

(110) 

Mn-Zn 

0.91      7.2 

0.02 

0.29 

0.18-0.24 

0.4 

7.7 

26.7    21.8 

ferrite  SiC 

(a-type) 

aPeak-to-valley  distance 

Obtained  using  silicon  nitride  ball  with  3  mm  diameter  in  a  reciprocating  mode  at  a  normal  load  of 
10  mN,  reciprocating  amplitude  of  7  mm  and  average  sliding  speed  of  1  mm/s.  Initial  coefficient  of 
friction  values  were  obtained  at  first  cycle  (0.007  m  sliding  distance)  and  final  values  at  a  sliding 
distance  of  5  m 


number  of  particles  trapped  at  the  interface,  and  thus  minimize  the  "plowing" 
contribution  to  the  friction  force  [8,  14,  18]. 

Local  variations  in  the  microscale  friction  of  rough  surfaces  can  be  significant. 
Figure  22.14  shows  the  surface  height  map,  the  slopes  of  surface  map  taken  along 
the  sliding  direction,  and  friction  force  map  for  a  thin-film  disk  [8,  15,  18,  28,  38, 
45^-7,  56].  We  note  that  there  is  no  resemblance  between  the  coefficient  of  friction 
profiles  and  the  corresponding  roughness  maps,  e.g.,  high  or  low  points  on  the 
friction  profile  do  not  correspond  to  high  or  low  points  on  the  roughness  profiles.  By 
comparing  the  slope  and  friction  profiles,  we  observe  a  strong  correlation  between 
the  two.  (For  a  clearer  correlation,  see  gray-scale  plots  of  slope  and  friction  profiles 
for  FFM  tip  sliding  in  either  directions,  in  Fig.  22.15  to  be  presented  in  the  next 
paragraph).  We  have  shown  that  this  correlation  holds  for  various  magnetic  tapes, 
silicon,  diamond,  and  other  materials.  This  correlation  can  be  explained  by  a 
"ratchet"  mechanism;  based  on  this  mechanism,  the  local  friction  is  a  function  of 
the  local  slope  of  the  sample  surface  [10,  12,  13].  The  friction  is  high  at  the  leading 
edge  of  asperities  and  low  at  the  trailing  edge.  In  addition  to  the  slope  effect,  the 
collision  of  tip  encountering  an  asperity  with  a  positive  slope  produces  additional 
torsion  of  the  cantilever  beam  leading  to  higher  measured  friction  force.  When 
encountering  an  asperity  with  a  negative  slope,  however,  there  is  no  collision  effect 
and  hence  no  effect  on  friction.  The  ratchet  mechanism  and  the  collision  effects 
thus  explain  the  correlation  between  the  slopes  of  the  roughness  maps  and  friction 
maps  observed  in  Fig.  22.14. 
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Fig.  22.14    (a)  Surface  height 
map  (a  =  4.4  nm),  (b)  slope 
of  the  roughness  profiles 
taken  in  the  sample  sliding 
direction  (the  horizontal  axis) 
(mean  =  0.023,  a  =  0.18), 
and  (c)  friction  force  map 
(mean  =  6.2  nN, 
a  =  2. 1  nN)  for  a  textured 
thin-film  rigid  disk  at  a 
normal  load  of  160  nN  [18] 


300 


400       500  (nm) 


To  study  the  directionality  effect  on  the  friction,  gray  scale  plots  of  coefficients 
of  local  friction  of  the  thin-film  disk  as  the  FFM  tip  is  scanned  in  either  direction 
are  shown  in  Fig.  22.15.  Corresponding  gray  scale  plots  of  slope  of  roughness 
maps  are  also  shown  in  Fig.  22.15.  The  left  hand  set  of  the  figures  corresponds  to 
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Fig.  22.15  Gray-scale  plots  of  the  slope  of  the  surface  roughness  and  the  friction  force  maps  for  a 
textured  thin-film  rigid  disk  with  FFM  tip  sliding  in  different  directions.  Higher  points  are  shown 
by  lighter  color 


the  tip  sliding  from  the  left  towards  right  (trace  direction),  and  the  middle  set 
corresponds  to  the  tip  sliding  from  the  right  towards  left  (retrace  direction).  It  is 
important  to  take  into  account  the  sign  change  of  surface  slope  and  friction  force 
which  occur  in  the  trace  and  retrace  directions.  In  order  to  facilitate  comparison  of 
directionality  effect  on  friction,  the  last  set  of  the  figures  in  the  right  hand  column 
show  the  data  with  sign  of  surface  slope  and  friction  data  in  the  retrace  direction 
reversed.  Now  we  compare  trace  and  -retrace  data.  It  is  clear  that  the  friction 
experienced  by  the  tip  is  dependent  upon  the  scanning  direction  because  of  surface 
topography. 

The  directionality  effect  in  friction  on  a  macroscale  is  generally  averaged  out 
over  a  large  number  of  contacts.  It  has  been  observed  in  some  magnetic  tapes.  In  a 
macro-scale  test,  a  12.7  mm  wide  MP  tape  was  wrapped  over  an  aluminium  drum 
and  slid  in  a  reciprocating  motion  with  a  normal  load  of  0.5  N  and  a  sliding  speed  of 
about  60  mm/s.  Coefficient  of  friction  as  a  function  of  sliding  distance  in  either 
direction  is  shown  in  Fig.  22.16.  We  note  that  coefficient  of  friction  on  a  macro- 
scale  for  this  tape  is  different  in  different  directions. 
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Fig.  22.16    Coefficient  of 
macro-scale  of  friction  as  a 
function  of  sliding  cycles  for 
a  metal-particle  (MP)  tape 
sliding  over  an  aluminium 
drum  in  a  reciprocating  mode 
in  both  directions.  Normal 
load  =  0.5  N  over  12.7  mm 
wide  tape,  sliding 
speed  =  60  mm/s  [7] 
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22.5     Scratching  and  Wear 
22.5.1     Nanoscale  Wear 

Bhushan  and  Ruan  [15]  conducted  nanoscale  wear  tests  on  MP  tapes  at  a  normal 
load  of  100  nN.  Figure  22.17  shows  the  topography  of  the  MP  tape  obtained  at 
two  different  loads.  For  a  given  normal  load,  measurements  were  made  twice. 
There  was  no  discernible  difference  between  consecutive  measurements  for  a 
given  normal  load.  However,  as  the  load  increased  from  10  to  100  nN,  topograph- 
ical changes  were  observed;  material  (indicated  by  an  arrow)  was  pushed  toward 
the  right  side  in  the  sliding  direction  of  the  AFM  tip  relative  to  the  sample.  The 
material  movement  is  believed  to  occur  as  a  result  of  plastic  deformation  of 
the  tape  surface.  Similar  behavior  was  observed  on  all  tapes  studied.  Magnetic 
tape  coating  is  made  of  magnetic  particles  and  polymeric  binder.  Any  movement 
of  the  coating  material  can  eventually  lead  to  loose  debris.  Debris  formation  is  an 
undesirable  situation  as  it  may  contaminate  the  head  which  may  increase  friction 
and/or  wear  between  the  head  and  tape,  in  addition  to  the  deterioration  of  the 
tape  itself.  With  disks,  they  did  not  notice  any  deformation  under  a  100  nN 
normal  load. 


22.5.2    Microscale  Scratching 


Microscratches  have  been  made  on  various  potential  head  slider  materials  (A1203, 
Al203-TiC,  Mn-Zn  ferrite  and  SiC),  and  various  magnetic  media  (unlubricated 
polished  thin-film  disk,  MP,  BaFe,  ME  tapes,  and  PET  substrates)  and  virgin, 
treated  and  coated  Si(lll)  wafers  at  various  loads  [16,  18,  28,  45^19,  53,  57,  58]. 
As  mentioned  earlier,  the  scratches  are  made  using  a  diamond  tip. 
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Fig.  22.17    Surface 
roughness  maps  of  a  metal- 
particle  (MP)  tape  at  applied 
normal  load  of  (a)  10  nN  and 
(b)  100  nN.  Location  of  the 
change  in  surface  topography 
as  a  result  of  nanowear  is 
indicated  by  arrows  [15] 


Magnetic  Head  Materials 


Scratch  depths  as  a  function  of  load  and  representative  scratch  profiles  with 
corresponding  2D  gray  scale  plots  at  various  loads  after  a  single  pass  (unidirectional 
scratching)  for  AI2O3,  AI2O3-T1C,  polycrystalline  and  single-crystal  Mn-Zn  ferrite 
and  SiC  are  shown  in  Figs.  22.18  and  22.19,  respectively.  Variation  in  the  scratch 
depth  along  the  scratch  is  about  ±15%.  The  AI2O3  surface  could  be  scratched  at  a 
normal  load  of  40  uN.  The  surface  topography  of  polycrystalline  AI2O3  shows  the 
presence  of  porous  holes  on  the  surface.  The  2D  gray  scale  plot  of  scratched  AI2O3 
surface  shows  one  porous  hole  between  scratches  made  at  normal  loads  of  40  uN 
and  60  u.N.  Regions  with  defects  or  porous  holes  present,  exhibit  lower  scratch 
resistance  (see  region  marked  by  the  arrow  on  2D  gray  scale  plot  of  AI2O3).  The 
A^C^-TiC  surface  could  be  scratched  at  a  normal  load  of  20  uN.  The  scratch 
resistance  for  TiC  grains  is  higher  than  that  of  AI2O3  grains.  The  scratches  gener- 
ated at  normal  loads  of  80  uN  and  100  uN  show  that  scratch  depth  of  AI2O3  grains  is 
higher  than  that  of  TiC  grains  (see  corresponding  gray  scale  plot  for  Al203-TiC). 
Polycrystalline  and  single-crystal  Mn-Zn  ferrite  could  be  scratched  at  a  normal 
load  of  20  (J.N.  The  scratch  width  is  much  larger  for  the  ferrite  specimens  as 
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Fig.  22.18    Scratch  depth  as  a 
function  of  normal  load  after 
one  unidirectional  cycle  for 
A1203,  Al203-TiC, 
polycrystalline  Mn-Zn 
ferrite,  single-crystal  Mn-Zn 
ferrite  and  SiC  [28] 
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compared  with  other  specimens.  For  SiC,  there  is  no  measurable  scratch  observed  at 
a  normal  load  of  20  uN.  At  higher  normal  loads,  very  shallow  scratches  are 
produced.  Table  22.2  presents  average  scratch  depth  at  60  uN  normal  load  for  all 
specimens.  SiC  has  the  highest  scratch  resistance  followed  by  Al203-TiC,  AI2O3 
and  polycrystalline  and  single-crystal  Mn-Zn  ferrite.  Polycrystalline  and  single- 
crystal  Mn-Zn  ferrite  specimens  exhibit  comparable  scratch  resistance. 


Magnetic  Media 


Scratch  depths  as  a  function  of  load  and  scratch  profiles  at  various  loads  after  ten 
scratch  cycles  for  unlubricated,  polished  disk  and  MP  tape  are  shown  in  Figs.  22.20 
and  22.21.  We  note  that  scratch  depth  increases  with  an  increase  in  the  normal  load. 
Tape  could  be  scratched  at  about  100  nN.  With  disk,  gentle  scratch  marks  under 
10  uN  load  were  barely  visible.  It  is  possible  that  material  removal  did  occur  at 
lower  load  on  an  atomic  scale  which  was  not  observable  with  a  scan  size  of  5  pm 
square.  For  disk,  scratch  depth  at  40  pN  is  less  than  10  nm  deep.  The  scratch  depth 
increased  slightly  at  the  load  of  50  pN.  Once  the  load  is  increased  in  excess  of 
60  pN,  the  scratch  depth  increased  rapidly.  These  data  suggest  that  the  carbon 
coating  on  the  disk  surface  is  much  harder  to  scratch  than  the  underlying  thin-film 
magnetic  film.  This  is  expected  since  the  carbon  coating  is  harder  than  the  magnetic 
material  used  in  the  construction  of  the  disks. 

Microscratch  characterization  of  ultrathin  amorphous  carbon  coatings,  deposited 
by  filtered  cathodic  arc  (FCA)  direct  ion  beam  (IB),  electron  cyclotron  resonance 
plasma  chemical  vapor  deposition  (ECR-CVP),  and  sputter  (SP)  deposition  pro- 
cesses have  been  conducted  using  a  nanoindenter  and  an  AFM  [20,  48,  49,  51-53, 
59].  Data  on  various  coatings  of  different  thicknesses  using  a  Berkovich  tip  are 
compared  in  Fig.  22.22.  Critical  loads  for  various  coatings  and  silicon  substrate  are 
summarized  in  Fig.  22.23.  It  is  clear  that,  for  all  deposition  methods,  the  critical 
load  increases  with  increasing  coating  thickness  due  to  better  load-carrying  capac- 
ity of  thicker  coatings  as  compared  to  the  thinner  ones.  In  comparison  of  the 
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Fig.  22.19  Surface  profiles  (left  column)  and  2D  gray  scale  plots  (right  column)  of  scratched 
A1203,  Al203-TiC,  polycrystalline  Mn-Zn  ferrite,  single-crystal  Mn-Zn  ferrite,  and  SiC  surfaces. 
Normal  loads  used  for  scratching  for  one  unidirectional  cycle  are  listed  in  the  figure  [28] 
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Fig.  22.20    Scratch  depth  as  a 
function  of  normal  load  after 
ten  scratch  cycles  for 
unlubricated  polished  thin- 
film  rigid  disk,  MP  tape  and 
PET  film  [18,  45,  47] 
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Fig.  22.21    Surface  profiles 
for  scratched  (a)  unlubricated 
polished  thin-film  rigid  disk 
and  (b)  MP  tape.  Normal 
loads  used  for  scratching  for 
ten  cycles  are  listed  in  the 
figure  [18] 
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different  deposition  methods,  ECR-CVD  and  FCA  coatings  show  superior  scratch 
resistance  at  20-  and  10  nm  thicknesses  compared  to  SP  coatings.  As  the  coating 
thickness  reduces,  ECR-CVD  exhibits  the  best  scratch  resistance  followed  by  FCA 
and  SP  coatings. 
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Since  tapes  scratch  readily,  for  comparisons  in  scratch  resistance  of  various 
tapes,  Bhushan  and  Koinkar  [47]  made  scratches  on  selected  three  tapes  only  with 
one  cycle.  Figure  22.24  presents  the  scratch  depths  as  a  function  of  normal  load 
after  one  cycle  for  three  tapes  -  MP,  BaFe  and  ME  tapes.  For  the  MP  and  BaFe 
particulate  tapes,  Bhushan  and  Koinkar  [47]  noted  that  the  scratch  depth  along 
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Fig.  22.22  (continued) 
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Fig.  22.22    Coefficient  of  Friction  profiles  during  scratch  as  a  function  of  normal  load  and 
corresponding  AFM  surface  height  images  for  (a)  FCA,  (b)  ECR-CVD,  and  (c)  SP-coatings  [20] 


Fig.  22.23    Summary  of 
critical  loads  estimated  from 
the  coefficient  of  friction 
profiles  and  AFM  images  [20] 
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(parallel)  and  across  (perpendicular)  the  longitudinal  direction  of  the  tapes  is 
similar.  Between  the  two  tapes,  MP  tape  appears  to  be  more  scratch  resistant  than 
BaFe  tape,  which  depends  on  the  binder,  pigment  volume  concentration  (PVC)  and 
the  head  cleaning  agent  (HCA)  contents.  ME  tapes  appear  to  be  much  more  scratch 
resistant  than  the  particulate  tapes.  However,  the  ME  tape  breaks  up  catastrophi- 
cally  in  a  brittle  mode  at  a  normal  load  higher  than  the  50  u.N  (Fig.  22.25),  as 


798 


B.  Bhushan 


Fig.  22.24    Scratch  depth  as  a 
function  of  normal  load  after 
one  scratch  cycle  for  (a)  MP, 
(b)  BaFe,  and  (c)  ME  tapes 
along  parallel  and 
perpendicular  directions  with 
respect  to  the  longitudinal 
axis  of  the  tape  [47] 
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compared  to  particulate  tapes  in  which  the  scratch  rate  is  constant.  They  reported 
that  the  hardness  of  ME  tapes  is  higher  than  that  of  particulate  tapes,  however,  a 
significant  difference  in  the  nanoindentation  hardness  values  of  the  ME  film  from 
region  to  region  (Table  22.3)  was  observed.  They  systematically  measured  scratch 
resistance  in  the  high  and  low  hardness  regions  along  and  across  the  longitudinal 
directions.  Along  the  parallel  direction,  load  required  to  crack  the  coating  was 
lower  (implying  lower  scratch  resistance)  for  a  harder  region,  than  that  for  a  softer 
region.  The  scratch  resistance  of  high  hardness  region  along  the  parallel  direction  is 
slightly  poorer  than  that  for  along  perpendicular  direction.  Scratch  widths  in  both 
low  and  high  hardness  regions  is  about  half  («  2  um)  than  that  in  perpendicular 
direction  («  1  um).  In  the  parallel  direction,  the  material  is  removed  in  the  form  of 
chips  and  lateral  cracking  also  emanates  from  the  wear  zone.  ME  films  have 
columnar  structure  with  the  columns  lined  up  with  an  oblique  angle  of  on  the 
order  of  about  35°  with  respect  to  the  normal  to  the  coating  surface  [3,  60].  The 
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Fig.  22.25    Surface  maps  for 
scratched  (a)  MP,  (b)  BaFe, 

(c)  ME  (H  =  0.7  GPa),  and 

(d)  ME  (H  =  2.5  GPa)  tapes 
along  parallel  direction. 
Normal  loads  used  for 
scratching  for  one  cycle  are 
listed  in  the  figure  [47] 
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column  orientation  may  be  responsible  for  directionality  effect  on  the  scratch 
resistance.  Hibst  [60]  have  reported  the  directionality  effect  in  the  ME  tape-head 
wear  studies.  They  have  found  that  the  wear  rate  is  lower  when  the  head  moves  in 
the  direction  corresponding  to  the  column  orientation  than  in  the  opposite  direction. 
PET  films  could  be  scratched  at  loads  of  as  low  as  about  2  p,N  (Fig.  22.26). 
Figure  22.26a  shows  scratch  marks  made  at  various  loads.  Scratch  depth  along  the 
scratch  does  not  appear  to  be  uniform.  This  may  occur  because  of  variations  in  the 
mechanical  properties  of  the  film.  Bhushan  and  Koinkar  [45]  also  conducted  scratch 
studies  in  the  selected  particulate  regions.  Scratch  profiles  at  increasing  loads  in  the 
particulate  region  are  shown  in  Fig.  22.26b.  We  note  that  the  bump  (particle)  is 
barely  scratched  at  5  u,N  and  it  can  be  scratched  readily  at  higher  loads.  At  20  uN,  it 
essentially  disappears. 


22.5.3    Microscale  Wear 

By  scanning  the  sample  (in  2D)  while  scratching,  wear  scars  are  generated  on  the 
sample  surface  [16,  18,  28,  45^-9,  53,  54,  57,  58].  The  major  benefit  of  a  single 
cycle  wear  test  over  a  scratch  test  is  that  wear  data  can  be  obtained  over  a  large  area. 


Magnetic  Head  Materials 

Figure  22.27  shows  the  wear  depth  as  a  function  of  load  for  one  cycle  for  different 
slider  materials.  Variation  in  the  wear  depth  in  the  wear  mark  is  dependent  upon  the 
material.  It  is  generally  within  ±5%.  The  mean  wear  depth  increases  with  the 
increase  in  normal  load.  The  representative  surface  profiles  showing  the  wear  marks 
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Fig.  22.26  Surface  profiles 
for  scratched  PET  film  (a) 
polymer  region,  (b)  ceramic 
particulate  region.  The  loads 
used  for  various  scratches  at 
ten  cycles  are  indicated  in  the 
plots  [45] 
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Fig.  22.27    Wear  depth  as  a 
function  of  normal  load  after 
one  scan  cycle  for  A1203, 
Al203-TiC,  polycrystalline 
Mn-Zn  ferrite,  single-crystal 
Mn-Zn  ferrite  and  SiC  [28] 
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(central  2  um  x  2  um  region)  at  a  normal  load  of  60  uN  for  all  specimens  are 
shown  in  Fig.  22.28.  The  material  is  removed  uniformly  in  the  wear  region  for  all 
specimens.  Table  22.2  presents  average  wear  depth  at  60  uN  normal  load  for  all 
specimens.  Microwear  resistance  of  SiC  and  AI2O3  is  the  highest  followed  by 
Al203-TiC,  single-crystal  and  polycrystalline  Mn-Zn  ferrite. 

Next,  wear  experiments  were  conducted  for  multiple  cycles.  Figure  22.29  shows 
the  2D  gray  scale  plots  and  corresponding  section  plot  (on  tope  of  each  gray  scale 
plot),  taken  at  a  location  shown  by  an  arrow  for  AI2O3  (left  column)  and  Al203-TiC 
(right  column)  specimen  obtained  at  a  normal  load  of  20  uN  and  at  a  different 
number  of  scan  cycles.  The  central  regions  (2  um  x  2  um)  show  the  wear  mark 
generated  after  a  different  number  of  cycles.  Note  the  difference  in  the  vertical  scale 
of  gray  scale  and  section  plots.  The  AI2O3  specimen  shows  that  wear  initiates  at  the 
porous  holes  or  defects  present  on  the  surface.  Wear  progresses  at  these  locations  as 
a  function  of  number  of  cycles.  In  the  porous  hole  free  region,  microwear  resistance 
is  higher.  In  the  case  of  the  A^C^-TiC  specimen  for  about  five  scan  cycles,  the 
microwear  resistance  is  higher  at  the  TiC  grains  and  is  lower  at  the  AI2O3  grains. 
The  TiC  grains  are  removed  from  the  wear  mark  after  five  scan  cycles.  This 
indicates  that  microwear  resistance  of  multi-phase  materials  depends  upon  the 
individual  grain  properties.  Evolution  of  wear  is  uniform  within  the  wear  mark 
for  ferrite  specimens.  Figure  22.30  shows  plot  of  wear  depth  as  a  function  of 
number  of  cycles  at  a  normal  load  of  20  uN  for  all  specimens.  The  AI2O3  specimen 
reveals  highest  microwear  resistance  followed  by  SiC,  Al203-TiC,  polycrystalline 
and  single-crystal  Mn-Zn  ferrite.  Wear  resistance  of  A^C^-TiC  is  inferior  to  that 
of  AI2O3.  Chu  et  al.  [61]  studied  friction  and  wear  behavior  of  the  single-phase  and 
multi-phase  ceramic  materials  and  found  that  wear  resistance  of  multi-phase  mate- 
rials was  poorer  than  single-phase  materials.  Multi-phase  materials  have  more 
material  flaws  than  the  single-phase  material.  The  differences  in  thermal  and 
mechanical  properties  between  the  two  phases  may  lead  to  cracking  during  proces- 
sing, machining  or  use. 
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Fig.  22.28    Surface  profiles 
showing  the  worn  region 
(center  2  um  x  2  urn)  after 
one  scan  cycles  at  a  normal 
load  of  60  uN  for  A1203, 
Al203-TiC,  polycrystalline 
Mn-Zn  ferrite,  single-crystal 
Mn-Zn  ferrite  and  SiC  [28] 
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Fig.  22.29  Gray  scale  2D  plots  showing  the  worn  region  (center  2  um  x  2  nm)  at  a  normal  load 
of  20  u,N  and  different  number  of  scan  cycles  for  A1203  and  AI2O3— TiC.  The  2D  section  plots 
taken  at  a  location  shown  by  an  arrow  are  shown  on  the  top  of  corresponding  gray  scale  plot.  Note 
the  change  in  vertical  scale  for  gray  scale  and  2D  section  plots  [28] 
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Fig.  22.30    Wear  depth  as  a 
function  of  number  of  cycles 
at  a  normal  load  of  20  uN  for 
A1203)  Al203-TiC, 
polycrystalline  Mn-Zn 
ferrite,  single-crystal  (SC) 
Mn-Zn  ferrite  and  SiC  [28] 
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Fig.  22.31    Wear  depth  as  a 
function  of  normal  load  for 
polished,  lubricated  and 
unlubricated  thin-film  rigid 
disks  after  one  cycle  [18] 
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Figure  22.31  shows  the  wear  depth  as  a  function  of  load  for  one  cycle  for  the  polished, 
unlubricated  and  lubricated  disks  [18].  Figure  22.32  shows  profiles  of  the  wear  scars 
generated  on  unlubricated  disk.  The  normal  force  for  the  imaging  was  about  0.5  uN 
and  the  loads  used  for  the  wear  were  20,  50,  80  and  100  uN  as  indicated  in  the  figure. 
We  note  that  wear  takes  place  relatively  uniformly  across  the  disk  surface  and 
essentially  independent  of  the  lubrication  for  the  disks  studied.  For  both  lubricated 
and  unlubricated  disks,  the  wear  depth  increases  slowly  with  load  at  low  loads  with 
almost  the  same  wear  rate.  As  the  load  is  increased  to  about  60  uN,  wear  increases 
rapidly  with  load.  The  wear  depth  at  50  (J.N  is  about  14  nm,  slightly  less  than  the 
thickness  of  the  carbon  film.  The  rapid  increase  of  wear  with  load  at  loads  larger  than 
60  uN  is  an  indication  of  the  breakdown  of  the  carbon  coating  on  the  disk  surface. 

Figure  22.33  shows  the  wear  depth  as  a  function  of  number  of  cycles  for  the 
polished  disks  (lubricated  and  unlubricated).  Again,  for  both  unlubricated  and 
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Fig.  22.32    Surface  maps  of  a 
polished,  unlubricated  thin- 
film  rigid  disk  showing  the 
worn  region  (center 
2  urn  x  2  urn)  after  one 
cycle.  The  normal  loads  are 
indicted  in  the  figure  [18] 
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Fig.  22.33    Wear  depth  as  a 
function  of  number  of  cycles 
for  polished,  lubricated  and 
unlubricated  thin-film  rigid 
disks  at  10  uN  and  for 
polished,  unlubricated  disk 
at  20  uN  [18] 
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Fig.  22.34    Surface  maps  of  a 
polished,  unlubricated  thin- 
film  rigid  disk  showing 
the  worn  region  (center 
2  urn  x  2  um)  at  20  uN.  The 
number  of  cycles  are 
indicated  in  the  figure  [18] 
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lubricated  disks,  wear  initially  takes  place  slowly  with  a  sudden  increase  between 
40  and  50  cycles  at  10  |xN.  The  sudden  increase  occurred  after  10  cycles  at  20  u,N. 
This  rapid  increase  is  associated  with  the  breakdown  of  the  carbon  coating.  The 
wear  profiles  at  various  cycles  are  shown  in  Fig.  22.34  for  a  polished,  unlubricated 
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disk  at  a  normal  load  of  20  uN.  Wear  is  not  uniform  and  the  wear  is  largely  initiated 
at  the  texture  grooves  present  on  the  disk  surface.  This  indicates  that  surface  defects 
strongly  affect  the  wear  rate. 

Hard  amorphous  carbon  coatings  are  used  to  provide  wear  and  corrosion  resis- 
tance to  magnetic  disks  and  MR/GMR  magnetic  heads.  A  thick  coating  is  desirable 
for  long  durability;  however,  to  achieve  ever  increasing  high  recording  densities,  it 
is  necessary  to  use  as  thin  a  coating  as  possible.  Microwear  data  on  various 
amorphous  carbon  coatings  of  different  thicknesses  have  been  conducted  by 
Bhushan  and  Koinkar  [48],  Koinkar  and  Bhushan  [49],  and  Sundararajan  and 
Bhushan  [53].  Figure  22.35  shows  a  wear  mark  on  an  uncoated  Si(100)  and  various 
10  nm  thick  carbon  coatings.  It  is  seen  that  Si(100)  wears  uniformly,  whereas 
carbon  coatings  wear  nonuniformly.  Carbon  coating  failure  is  sudden  and  accom- 
panied by  a  sudden  rise  in  friction  force.  Figure  22.36  shows  the  wear  depth  of 
Si(100)  substrate  and  various  coatings  at  two  different  loads.  FCA  and  ECR-CVD, 
20  nm  thick  coatings  show  excellent  wear  resistance  up  to  80  uN,  the  load  that  is 
required  for  the  IB  20  nm  coating  to  fail.  In  these  tests,  failure  of  a  coating  results 
when  the  wear  depth  exceeds  the  quoted  coating  thickness.  The  SP  20  nm  coating 
fails  at  the  much  lower  load  of  35  uN.  At  60  uN,  the  coating  hardly  provides  any 
protection.  Moving  on  to  the  10  nm  coatings,  ECR-CVD  coating  requires  about 
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Fig.  22.35    AFM  images  of  wear  marks  on  (a)  bare  Si(100),  and  (b)  all  10  nm  thick  amorphous 
carbon  coatings  [53] 
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Fig.  22.36  Wear  data  of  (a)  bare  Si(100)  and  (b)  all  amorphous  carbon  coatings.  Coating 
thickness  is  constant  along  each  row  in  (b).  Both  wear  depth  and  coefficient  of  friction  during 
wear  for  a  given  cycle  are  plotted  [53] 


40  cycles  at  60  (xN  to  fail  as  compared  to  IB  and  FCA,  which  fail  at  45  (J.N.  the  FCA 
coating  exhibits  slight  roughening  in  the  wear  track  after  the  first  few  cycles,  which 
leads  to  an  increase  in  the  friction  force.  The  SP  coating  continues  to  exhibit  poor 
resistance,  failing  at  20  uN.  For  the  5  nm  coatings,  the  load  required  to  fail  the 
coatings  continues  to  decrease.  But  IB  and  ECR-CVD  still  provide  adequate 
protection  as  compared  to  bare  Si(100)  in  that  order,  failing  at  35  (J.N  compared 
to  FCA  at  25  (J.N  and  SP  at  20  uN.  Almost  all  the  20,  10,  and  5  nm  coatings  provide 
better  wear  resistance  than  bare  silicon.  At  3.5  nm,  FCA  coating  provides  no  wear 
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resistance,  failing  almost  instantly  at  20  uN.  The  IB  and  ECR-CVD  coating  show 
good  wear  resistance  at  20  u,N  compared  to  bare  Si(100).  But  IB  lasts  only  about  10 
cycles  and  ECR-CVD  about  3  cycles  at  25  uN. 

The  wear  tests  highlight  the  differences  in  the  coatings  more  vividly  than  the 
scratch  tests  data  presented  earlier.  At  higher  thicknesses  (10  and  20  nm),  the  ECR- 
CVD  and  FCA  coatings  appear  to  show  the  best  wear  resistance.  This  is  probably 
due  to  higher  hardness  of  the  coatings  (see  data  presented  later).  At  5  nm,  IB  coating 
appears  to  be  the  best.  FCA  coatings  show  poorer  wear  resisting  with  decreasing 
coating  thickness.  SP  coatings  showed  consistently  poor  wear  resistance  at  all 
thicknesses.  The  IB  2.5  nm  coating  does  provide  reasonable  wear  protection  at 
low  loads. 

Wear  depths  as  a  function  of  normal  load  for  MP,  BaFe  and  ME  tapes  along  the 
parallel  direction  are  plotted  in  Fig.  22.37  [47].  For  the  ME  tape,  there  is  negligible 
wear  until  the  normal  load  of  about  50  uN,  above  this  load  the  magnetic  coating 
fails  rapidly.  This  observation  is  consistent  with  the  scratch  data.  Wear  depths  as  a 
function  of  number  of  cycles  for  MP,  BaFe,  and  ME  tapes  are  shown  in  Fig.  22.38. 
For  the  MP  and  BaFe  particulate  tapes,  wear  rates  appear  to  be  independent  of  the 
particulate  density.  Again  as  observed  in  the  scratch  testing,  wear  rate  of  BaFe  tapes 
is  higher  than  that  for  MP  tapes.  ME  tapes  are  much  more  wear  resistant  than  the 
particulate  tapes.  However,  the  failure  of  ME  tapes  are  catastrophic  as  observed  in 
scratch  testing.  Wear  studies  were  performed  along  and  across  the  longitudinal  tape 
direction  in  high  and  low  hardness  regions.  At  the  high  hardness  regions  of  the  ME 
tapes,  failure  occurs  at  lower  loads.  Directionality  effect  again  may  arise  from  the 
columnar  structure  of  the  ME  films  [3,  60].  Wear  profiles  at  various  cycles  at  a 
normal  load  of  2  uN  for  MP  and  at  20  uN  for  ME  tapes  are  shown  in  Fig.  22.39.  For 
the  particulate  tapes,  we  note  that  polymer  gets  removed  before  the  particulates  do 
(Fig.  22.39a).  Based  on  the  wear  profiles  of  the  ME  tape  shown  in  Fig.  22.39a,  we 
note  that  most  wear  occurs  between  50  and  60  cycles  which  shows  the  catastrophic 
removal  of  the  coating.  It  was  also  observed  that  wear  debris  generated  during  wear 


Fig.  22.37    Wear  depth  as  a 
function  of  normal  load  for 
three  tapes  in  the  parallel 
direction  after  one  cycle  [47] 
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Fig.  22.38   Wear  depth  as  a 
function  of  number  of  cycles 
for  (a)  MP,  (b)  BaFe,  and 
(c)  ME  tapes  in  different 
regions  at  normal  loads 
indicated  in  the  figure.  Note  a 
higher  load  used  for  the  ME 
tape  in  (c)  [47] 
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test  in  all  cases  is  loose  and  can  easily  be  removed  away  from  the  scan  area  at  light 
loads  (w  0.3  u,N). 

The  average  wear  depth  as  a  function  of  load  for  a  PET  film  is  shown  in 
Fig.  22.40.  Again,  the  wear  depth  increases  linearly  with  load.  Figure  22.41 
shows  the  average  wear  depth  as  a  function  of  number  of  cycles.  The  observed 
wear  rate  is  approximately  constant.  PET  tape  substrate  consists  of  particles 
sticking  out  on  its  surface  to  facilitate  winding.  Figure  22.42  shows  the  wear 
profiles  as  a  function  of  number  of  cycles  at  1  uN  load  on  the  PET  film  in  the 
nonparticulate  and  particulate  regions  [45].  We  note  that  polymeric  materials  tear  in 
microwear  tests.  The  particles  do  not  wear  readily  at  1  uN.  Polymer  around  the 
particles  is  removed  but  the  particles  remain  intact.  Wear  in  the  particulate  region  is 
much  smaller  than  that  in  the  polymer  region.  We  will  see  later  that  nanohardness  of 
the  particulate  region  is  about  1.4  GPa  compared  to  0.3  GPa  in  the  nonparticulate 
region  (Table  22.3). 


812 


B.  Bhushan 


3.00 


,0       2jiN 
4.00      40  cycles 
(urn) 


3.00 


4.00       70  cycles 
(urn) 


300         4*00°  100  cycles 
(urn) 


Fig.  22.39  (continued) 
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Fig.  22.39    Surface  maps 
showing  the  worn  region 
(center  2  um  x  2  um)  after 
various  cycles  of  wear  at 
(a)  2  uN  for  MP  (particulate 
region)  and  at  (b)  20  uN  for 
ME  (H  =  3.4  GPa,  parallel 
direction)  tapes.  Note  a 
different  vertical  scale  for  the 
bottom  profile  of  (b)  [47] 
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Fig.  22.40    Wear  depth  as  a 
function  of  normal  load  (after 
one  cycle)  for  a  PET  film  [45] 
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22.6     Indentation 


22.6.1     Picoscale  Indentation 


Bhushan  and  Ruan  [15]  measured  indentability  of  magnetic  tapes  at  increasing 
loads  on  a  picoscale,  Fig.  22.43.  In  this  figure,  the  vertical  axis  represents  the 
cantilever  tip  deflection  and  the  horizontal  axis  represents  the  vertical  position  (Z) 
of  the  sample.  The  "extending"  and  "retracting"  curves  correspond  to  the  sample 
being  moved  toward  or  away  from  the  cantilever  tip,  respectively.  In  this  experi- 
ment, as  the  sample  surface  approaches  the  APM  tip  fraction  of  a  nm  away  from  the 
sample  (point  A),  the  cantilever  bends  toward  the  sample  (part  B)  because  of 
attractive  forces  between  the  tip  and  sample.  As  we  continue  the  forward  position 
of  the  sample,  it  pushes  the  cantilever  back  through  its  original  rest  position  (point 
of  zero  applied  load)  entering  the  repulsive  region  (or  loading  portion)  of  the  force 
curve.  As  the  sample  is  retracted,  the  cantilever  deflection  decreases.  At  point  D  in 
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Fig.  22.42    Surface  maps 
showing  the  worn  region 
(center  2  um  x  2  um)  at  1  uN 
for  a  PET  film  (a)  in  the 
polymer  region,  (b)  in 
the  particulate  region.  The 
number  of  cycles  are  indicated 
in  the  figure  [45] 
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Tip  deflection  (6  nm/div) 


Fig.  22.43  Tip  deflection 
(normal  force)  as  a  function 
of  Z  (separation  distance) 
curve  for  a  metal-particle 
(MP)  tape.  The  spring 
constant  of  the  cantilever 
used  was  0.4  N/m  [15] 


Z  position  (15  nm/div) 

the  retracting  curve,  the  sample  is  disengaged  from  the  tip.  Before  the  disengage- 
ment, the  tip  is  pulled  toward  the  sample  after  the  zero  deflection  point  of  the  force 
curve  (point  C)  because  of  attractive  forces  (van  der  Waals  forces  and  longer  range 
meniscus  forces).  A  thin  layer  of  liquid,  such  as  liquid  lubricant  and  condensations 
of  water  vapor  from  ambient,  will  give  rise  to  capillary  forces  that  act  to  draw  the  tip 
towards  sample  at  small  separations.  The  horizontal  shift  between  the  loading  and 
unloading  curves  results  from  the  hysteresis  in  the  PZT  tube. 

The  left  portion  of  the  curve  shows  the  tip  deflection  as  a  function  of  the  sample 
traveling  distance  during  sample-tip  contact,  which  would  be  equal  to  each  other 
for  a  rigid  sample.  However,  if  the  tip  indents  into  the  sample,  the  tip  deflection 
would  be  less  than  the  sample  traveling  distance,  or  in  other  words,  the  slope  of 
the  line  would  be  less  than  1.  In  Fig.  22.43,  we  note  that  line  in  the  left  portion  of 
the  figure  is  curved  with  a  slope  of  less  than  1  shortly  after  the  sample  touches  the 
tip,  which  suggests  that  the  tip  has  indented  the  sample.  Later,  the  slope  is  equal  to 
1  suggesting  that  the  tip  no  longer  indents  the  sample.  This  observation  indicates 
that  the  tape  surface  is  soft  locally  (polymer  rich)  but  it  is  hard  (as  a  result  of 
magnetic  particles)  underneath.  Since  the  curves  in  extending  and  retracting  modes 
are  identical,  the  indentation  is  elastic  up  to  at  a  maximum  load  of  about  22  nN  used 
in  the  measurements. 

According  to  Bhushan  and  Ruan  [15],  during  indentation  of  rigid  disks,  the  slope 
of  the  deflection  curves  remained  constant  as  the  disks  touch  and  continue  to  push 
the  AFM  tip.  The  disks  were  not  indented. 


22.6.2    Nanoscale  Indentation 


Indentation  hardness  with  a  penetration  depth  as  low  as  5  nm  can  be  measured  using 
AFM.  Bhushan  and  Koinkar  [17]  measured  hardness  of  thin-film  disks  at  load  of 
80,  100,  and  140  uN.  Hardness  values  were  20  GPa  (10  nm),  21  GPa  (15  nm) 
and  9  GPA  (40  nm);  the  depths  of  indentation  are  shown  in  the  parenthesis.  The 
hardness  value  at  100  uN  is  much  higher  than  at  140  uN.  This  is  expected  since  the 
indentation  depth  is  only  about  15  nm  at  100  uN  which  is  smaller  than  the  thickness 


818 


B.  Bhushan 


of  carbon  coating  (s=s  30  nm).  The  hardness  value  at  lower  loads  is  primarily  the 
value  of  the  carbon  coating.  The  hardness  value  at  higher  loads  is  primarily  the 
value  of  the  magnetic  film,  which  is  softer  than  the  carbon  coating  [2].  This  result  is 
consistent  with  the  scratch  and  wear  data  discussed  previously. 

For  the  case  of  hardness  measurements  made  on  magnetic  thin  film  rigid  disk  at 
low  loads,  the  indentation  depth  is  on  the  same  order  at  the  variation  in  the  surface 
roughness.  For  accurate  measurements  of  indentation  size  and  depth,  it  is  desirable 
to  subtract  the  original  (unindented)  profile  from  the  indented  profile.  Bhushan  et  al. 
[18]  developed  an  algorithm  for  this  purpose.  Because  of  hysteresis,  a  translational 
shift  in  the  sample  plane  occurs  during  the  scanning  period,  resulting  in  a  shift 
between  images  captured  before  and  after  indentation.  Therefore,  the  image  for 
perfect  overlap  needs  to  be  shifted  before  subtraction  can  be  performed.  To 
accomplish  this  objective,  a  small  region  on  the  original  image  was  selected  and 
the  corresponding  region  on  the  indented  image  was  found  by  maximizing  the 
correlation  between  the  two  regions.  (Profiles  were  plane-fitted  before  subtraction.) 
Once  two  regions  were  identified,  overlapped  areas  between  the  two  images  were 
determined  and  the  original  image  was  shifted  with  the  required  translational  shift 
and  this  subtracted  from  the  indented  image.  An  example  of  profiles  before  and  after 
subtraction  is  shown  in  Fig.  22.44.  It  is  easier  to  measure  the  indent  on  the  subtracted 
image.  At  a  normal  load  of  140  mN  the  hardness  value  of  an  unlubricated,  as-polish 


Fig.  22.44    Images  with 
nanoindentation  marks 
generated  on  a  polished, 
unlubricated  thin-film  rigid 
disk  at  140  uN  (a)  before 
subtraction,  and  (b)  after 
subtraction  [18] 


0 
1.00  (m) 


200.0     100.0        0.0  (nm) 

b 


1.00  (m) 


200.0      100.0        0.0  (nm) 


22     Micro/Nanotribology  and  Micro/Nanomechanics  of  Magnetic  Storage  Devices 


819 


magnetic  thin  film  rigid  disk  (rms  roughness  =  3.3  nm)  is  9.0  GPa  and  indentation 
depth  is  40  nm. 

For  accurate  measurement  of  nanohardness  at  very  shallow  indentation  depths, 
depth-sensing  capacitance  transducer  system  in  an  AFM  is  used  [19].  Figure  22.45a 
shows  the  hardness  as  a  function  of  residual  depth  for  three  types  of  100  nm  thick 
amorphous  carbon  coatings  deposited  on  silicon  by  sputtering,  ion  beam  and  cathodic 
arc  processes  [50].  Data  on  uncoated  silicon  are  also  included  for  comparisons.  The 
cathodic  arc  carbon  coating  exhibits  highest  hardness  of  about  24.9  GPa,  whereas  the 
sputtered  and  ion  beam  carbon  coatings  exhibit  hardness  values  of  17.2  and  15.2  GPa 
respectively.  The  hardness  of  Si(100)  is  13.2  GPa.  High  hardness  of  cathodic  arc 
carbon  coating  explains  its  high  wear  resistance,  reported  earlier.  Figure  22.45b  shows 
the  elastic  modulus  as  a  function  of  residual  depth  for  various  samples.  The  cathodic 
arc  coating  exhibits  the  highest  elastic  modulus.  Its  elastic  modulus  decreases  with  an 
increasing  residual  depth,  while  the  elastic  moduli  for  the  other  carbon  coatings 
remain  almost  constant.  In  general,  hardness  and  elastic  modulus  of  coatings  are 
strongly  influenced  by  their  crystalline  structure,  stoichiometry  and  growth  character- 
istics which  depend  on  the  deposition  parameters.  Mechanical  properties  of  carbon 
coatings  have  been  known  to  change  over  a  wide  range  with  sp3-sp2  bonding  ratio  and 
amount  of  hydrogen.  Hydrogen  is  believed  to  play  an  important  role  in  the  bonding 


Fig.  22.45    Nanohardness 
and  elastic  modulus  as  a 
function  of  residual 
indentation  depth  for  Si(100) 
and  100  nm  thick  coatings 
deposited  by  sputtering,  ion 
beam  and  cathodic  arc 
processes  [50] 
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configuration  of  carbon  atoms  by  helping  to  stabilize  tetrahedral  coordination  of 
carbon  atoms.  Detailed  mechanical  characterization  of  amorphous  carbon  coatings 
is  presented  by  Li  and  Bhushan  [51,  52]  and  Bhushan  [59]. 


22.6.3    Localized  Surface  Elasticity 

By  using  an  AFM  in  a  so-called  force  modulation  mode,  it  is  possible  to  quantita- 
tively measure  the  elasticity  of  soft  and  compliant  materials  with  penetration  depths 
of  less  than  100  nm  [21,  22].  This  technique  has  been  successfully  used  to  get 
localized  elasticity  maps  of  particulate  magnetic  tapes.  Elasticity  map  of  a  tape  can 
be  used  to  identify  relative  distribution  of  hard  magnetic/nonmagnetic  ceramic 
particles  and  the  polymeric  binder  on  the  tape  surface  which  has  an  effect  on  friction 
and  stiction  at  the  head-tape  interface.  Figure  22.46  shows  surface  height  and 
elasticity  maps  on  an  MP  tape.  The  elasticity  image  reveals  sharp  variations  in 
surface  elasticity  due  to  the  composite  nature  of  the  film.  As  can  be  clearly  seen, 
regions  of  high  elasticity  do  not  always  correspond  to  high  or  low  topography.  Based 
on  a  Hertzian  elastic-contact  analysis,  the  static  indentation  depth  of  these  sample 
during  the  force  modulation  scan  is  estimated  to  be  about  1  nm.  The  contrast  seen  is 
influenced  most  strongly  by  material  properties  in  the  top  few  nanometers,  indepen- 
dent of  the  composite  structure  beneath  the  surface  layer.  The  trend  in  number  of 
stiff  regions  has  been  correlated  to  reduced  stiction  problems  in  tapes  [62]. 

Figure  22.47  shows  the  surface  topography  and  phase  image  of  an  alumina  particle 
embedded  in  the  MP  tape  using  a  so-called  TR  mode  [25,  26].  The  cross-section  view 
of  the  particle  obtained  from  the  topographic  image  is  shown  at  the  bottom  as  a  visual 
aid.  The  edges  of  the  particle  show  up  darker  in  the  TR  phase  angle  image,  which 
suggests  that  it  is  less  viscoelastic  compared  to  the  background.  The  magnetic  particles 
on  top  of  the  alumina  particle  are  clearly  visible  in  the  TR  phase  image.  These  have 
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Fig.  22.46  Surface  height  and  elasticity  maps  for  a  metal-particle  tape  A  (g  =  6.72  nm  and 
P-V  =31.7  nm).  a  and  P-V  refer  to  standard  deviation  of  surface  heights  and  peak-to-valley 
distance,  respectively.  The  grayscale  on  the  elasticity  map  is  arbitrary  [21] 
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Fig.  22.47    Tapping  mode  (TM)  topography  and  TR  phase  angle  image  of  an  alumina  particle  that  is 
used  as  a  head  cleaning  agent  for  MP  tape.  A  cross-sectional  view  of  the  particle  is  also  shown  [25] 

a  brighter  contrast,  which  is  the  same  as  that  of  the  background.  Phase  contrast  mapp- 
ing appears  to  provide  better  resolution  than  stiffness  mapping  for  magnetic  tapes. 


22.7     Lubrication 


The  boundary  films  are  formed  by  physical  adsorption,  chemical  adsorption,  and 
chemical  reaction.  The  physisorbed  film  can  be  either  monomolecular  or  polymo- 
lecular thick.  The  chemisorbed  films  are  monomolecular,  but  stoichiometric  films 
formed  by  chemical  reaction  can  have  a  large  film  thickness.  In  general,  the  stability 
and  durability  of  surface  films  decrease  in  the  following  order:  chemical  reaction 
films,  chemisorbed  films  and  physisorbed  films.  A  good  boundary  lubricant  should 
have  a  high  degree  of  interaction  between  its  molecules  and  the  sliding  surface. 
As  a  general  rule,  liquids  are  good  lubricants  when  they  are  polar  and  thus  able  to 
grip  solid  surfaces  (or  be  adsorbed).  Polar  lubricants  contain  reactive  functional 
groups  with  low  ionization  potential  or  groups  having  high  polarizability  [5]. 
Boundary  lubrication  properties  of  lubricants  are  also  dependent  upon  the  mole- 
cular conformation  and  lubricant  spreading  [63-66]. 

Mechanical  interactions  between  the  magnetic  head  and  the  medium  in  magnetic 
storage  devices  are  minimized  by  the  lubrication  of  the  magnetic  medium  [2,  3]. 
The  primary  function  of  the  lubricant  is  to  reduce  the  wear  of  the  medium  and 
to  ensure  that  friction  remains  low  throughout  the  operation  of  the  drive.  The 
main  challenge,  though,  in  selecting  the  best  candidate  for  a  specific  surface  is  to 
find  a  material  that  provides  an  acceptable  wear  protection  for  the  entire  life  of  the 
product,  which  can  be  several  years  in  duration.  There  are  many  requirements  that 
a  lubricant  must  satisfy  in  order  to  guarantee  an  acceptable  life  performance.  An 
optimum  lubricant  thickness  is  one  of  these  requirements.  If  the  lubricant  film  is  too 
thick,  excessive  stiction  and  mechanical  failure  of  the  head-disk  is  observed.  On  the 
other  hand,  if  the  film  is  too  thin,  protection  of  the  interface  is  compromised,  and 
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high  friction  and  excessive  wear  will  result  in  catastrophic  failure.  An  acceptable 
lubricant  must  exhibit  properties  such  as  chemical  inertness,  low  volatility,  high 
thermal,  oxidative  and  hydrolytic  stability,  shear  stability,  and  good  affinity  to  the 
magnetic  medium  surface. 

Fatty  acid  esters  are  excellent  boundary  lubricants,  and  esters  such  as  tridecyl 
stearate,  butyl  stearate,  butyl  palmitate,  buryl  myristate,  stearic  acid,  and  myrstic 
acid  are  commonly  used  as  internal  lubricants,  roughly  1-7%  by  weight  of  the 
magnetic  coating  in  particulate  flexible  media  (tapes  and  particulate  flexible  disks) 
[2,  3].  The  fatty  acids  involved  include  those  with  acid  groups  with  an  even  number 
of  carbon  atoms  between  C12  and  C22,  with  alcohols  ranging  from  C3  to  C13.  These 
acids  are  all  solids  with  melting  points  above  the  normal  surface  operating  tem- 
perature of  the  magnetic  media.  This  suggests  that  the  decomposition  products  of 
the  ester  via  lubrication  chemistry  during  a  head-flexible  medium  contact  may  be 
the  key  to  lubrication. 

Topical  lubrication  is  used  to  reduce  the  wear  of  rigid  disks  and  thin-film  tapes 
[67].  Perfiuoropolyethers  (PFPEs)  are  chemically  the  most  stable  lubricants  with 
some  boundary  lubrication  capability,  and  are  most  commonly  used  for  topical 
lubrication  of  rigid  disks.  PFPEs  commonly  used  include  Fomblin  Z  lubricants, 
made  by  Solvay  Solexis,  Inc.,  Milan,  Italy;  and  Demnum  S,  made  by  Diakin,  Japan; 
and  their  difunctional  derivatives  containing  various  reactive  end  groups,  e.g., 
hydroxyl  or  alcohol  (Fomblin  Z-DOL  and  Z-TETROL),  piperonyl  (Fomblin  AM 
2001),  isocyanate  (Fomblin  Z-DISOC),  and  ester  (Demnum  SP).  Fomblin  Y  and 
Krytox  143  AD  (made  by  Dupont  USA)  have  been  used  in  the  past  for  particulate 
rigid  disks.  The  difunctional  derivatives  are  referred  to  as  reactive  (polar)  PFPE 
lubricants.  The  chemical  structures,  molecular  weights,  and  viscosities  of  various 
types  of  PFPE  lubricants  are  given  in  Table  22.4.  We  note  that  rheological  proper- 
ties of  thin-films  of  lubricants  are  expected  to  be  different  from  their  bulk  proper- 
ties. Fomblin  Z  and  Demnum  S  are  linear  PFPE,  and  Fomblin  Y  and  Krytox  143AD 
are  branched  PFPE,  where  the  regularity  of  the  chain  is  perturbed  by  -CF3  side 
groups.  The  bulk  viscosity  of  Fomblin  Y  and  Krytox  143  AD  is  almost  an  order  of 
magnitude  higher  than  the  Z  type.  Fomblin  Z  is  thermally  decomposed  more  rapidly 
than  Y  [5].  The  molecular  diameter  is  about  0.8  nm  for  these  lubricant  molecules. 
The  monolayer  thickness  of  these  molecules  depends  on  the  molecular  confor- 
mations of  the  polymer  chain  on  the  surface  [64,  65]. 

The  adsorption  of  the  lubricant  molecules  on  a  magnetic  disk  surface  is  due  to 
van  der  Waals  forces,  which  are  too  weak  to  offset  the  spin-off  losses,  or  to  arrest 
displacement  of  the  lubricant  by  water  or  other  ambient  contaminants.  Considering 
that  these  lubricating  films  are  on  the  order  of  a  monolayer  thick  and  are  required 
to  function  satisfactorily  for  the  duration  of  several  years,  the  task  of  developing 
a  workable  interface  is  quite  formidable.  An  approach  aiming  at  alleviating  these 
shortcomings  is  to  enhance  the  attachment  of  the  molecules  to  the  overcoat,  which, 
for  most  cases,  is  sputtered  carbon.  There  are  basically  two  approaches  which  have 
been  shown  to  be  successful  in  bonding  the  monolayer  to  the  carbon.  The  first  relies 
on  exposure  of  the  disk  lubricated  with  neutral  PFPE  to  various  forms  of  radia- 
tion, such  as  low-energy  X-ray  [68],  nitrogen  plasma  [69],  or  far  ultraviolet 
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Table  22.4    Chemical  structure,  molecular  weight,  and  viscosity  of  perfluoropolyether  lubricants 


Lubricant 


Formula 


Molecular    Kinematic 
weight  viscosity 

(Dalton)       cSt(mm2/s) 


Fomblin  Z-25 

Fomblin  Z-15 

Fomblin  Z-03 

Fomblin  Z- 

DOL 

Fomblin 

AM2001 

Fomblin  Z- 

DISOC 

Fomblin  YR 

12,800 

250 

9,100 

150 

3,600 

30 

2,000 

80 

2,300 

80 

1,500 

160 

CF3-0-(CF2-CF2-0)m-(CF2-0)„-CF3 
CF3-0-(CF2-CF2-0)m-(CF2-0)„-CF3 

(mln  w  2/3) 
CF3-0-(CF2-CF2-0)m-(CF2-0)„-CF3 
HO-CH2-CF2-0-(CF2-CF2-0)„-(CF2-0)„- 

CF2-CH2-OH 
Piperonyl-0-CH2-CF2-0-(CF2-CF2-0)„- 

(CF2-0),-CF2-0-piperonyf 
0-CN-C6H3-(CH3)-NH-CO-CF2-0- 

(CF2-CF2-0)„-(CF2-0)m-CF2-CO-NH- 

C6H3-(CH3)-N-CO 

CF3 
I 
CF3-0-(C-CF2-0)m(CF2-0)n-CF3 

I  (m/n«40/l) 

F 
Demnum  S-100    CF3-CF2-CF2-0-(CF2-CF2-CF2-0)„- 

CF2-CF3 
Krytox  143  AD  CF 

I 
CF3-CF2-CF2-0-(C-CF2-Om)-CF2-CF3 

I 
F 


6,800 


5,600 
2,600 


1,600 


250 


a3 ,4-methylenedioxybenzyl 


(e.g.,  185  nm)  [70].  Another  approach  is  to  use  chemically  active  PFPE  molecules, 
where  the  various  functional  (reactive)  end  groups  offer  the  opportunity  of  strong 
attachments  to  specific  interface.  These  functional  groups  can  react  with  surfaces 
and  bond  the  lubricant  to  the  disk  surface,  which  reduces  its  loss  due  to  spin  off 
and  evaporation.  Bonding  of  lubricant  to  the  disk  surface  depends  upon  the  surface 
cleanliness.  After  lubrication,  the  disk  is  generally  heated  at  150°C  for  30  min  to  1  h 
to  improve  the  bonding.  If  only  a  bonded  lubrication  is  desired,  the  unbonded  frac- 
tion can  be  removed  by  washing  it  off  for  60  s  with  a  non-Freon  solvent  (FC-72). 
Their  main  advantage  is  their  ability  to  enhance  durability  without  the  problem  of 
stiction  usually  associated  with  weakly  bonded  lubricants  [2]. 


Boundary  Lubrication  Studies 


Koinkar  and  Bhushan  [29]  and  Liu  and  Bhushan  [30]  studied  friction,  adhesion, 
and  durability  of  Z-15  and  Z-DOL  (bonded  and  washed,  BW)  lubricants  on  Si(100) 
surface.  To  investigate  the  friction  properties  of  Si(100),  Z-15,  and  Z-DOL(BW), 
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the  friction  force  versus  normal  load  curves  were  obtained  by  making  friction 
measurements  at  increasing  normal  loads,  Fig.  22.48.  An  approximately  linear 
response  of  all  three  samples  is  observed  in  the  load  range  of  5-130  nN.  From  the 
horizontal  intercept  at  zero  value  of  friction  force,  adhesive  force  can  be  obtained. 
The  adhesive  forces  for  three  samples  were  also  measured  using  the  force  calibra- 
tion plot  technique.  The  adhesive  force  data  obtained  by  the  two  techniques  are 
summarized  in  Fig.  22.49,  and  the  trends  in  the  data  obtained  by  two  techniques  are 
similar.  The  friction  force  and  adhesive  force  of  solid-like  Z-DOL(BW)  are  consis- 
tently smaller  than  that  for  Si(100),  but  these  values  of  liquid-like  Z-15  lubricant  is 
higher  than  that  of  Si(100).  The  presence  of  mobile  Z-15  lubricant  film  increases 
adhesive  force  as  compared  to  that  of  the  Si(100)  by  meniscus  formation.  Whereas, 
the  presence  of  Z-DOL(B  W)  film  reduces  the  adhesive  force  because  of  absence  of 
mobile  liquid.  See  schematics  at  the  bottom  of  Fig.  22.49.  It  is  well  known  that  in 
computer  rigid  disk  drives,  the  stiction  force  increases  rapidly  with  an  increase  in 
rest  time  between  head  and  the  disk  [2],  The  effect  of  rest  time  of  180  s  on  the 
friction  force,  adhesive  force,  and  coefficient  of  friction  for  three  samples  are 
summarized  in  Fig.  22.50.  It  is  seen  that  time  effect  is  present  in  Si(100)  and 
Z-15  with  mobile  liquid  present.  Whereas,  time  effect  is  not  present  for  Z-DOL 
(BW)  because  of  the  absence  of  mobile  liquid. 

To  study  lubricant  depletion  during  microscale  measurements,  nanowear  studies 
were  conducted  using  Si3N4  tips.  Measured  friction  as  a  function  of  number  of 
cycles  for  Si(100)  and  silicon  surface  lubricated  with  Z-15  and  Z-DOL  (BW) 
lubricants  are  presented  in  Fig.  22.51.  An  area  of  2  urn  x  2  um  was  scanned  at  a 
normal  force  of  70  nN.  As  observed  before,  friction  force  and  coefficient  of  friction 
of  Z-15  is  higher  than  that  of  Si(100)  with  the  lowest  values  for  Z-DOL(BW). 
During  cycling,  friction  force  and  coefficient  of  friction  of  Si(100)  show  a  slight 
decrease  during  initial  few  cycles,  then  remain  constant.  This  is  related  to  the 


Friction  force  (nN) 


Fig.  22.48    Friction  force 
versus  normal  load  curves  for 
Si(100),  2.8  nm  thick  Z-15 
film,  and  2.3  nm  thick  Z-DOL 
(BW)  film  at  2  um/s,  and  in 
ambient  air  sliding  against  a 
Si3N4  tip.  Based  on  these 
curves,  coefficient  of  friction 
(u)  and  adhesive  force  can  be 
calculated  [30] 
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Fig.  22.49  Summary  of  the  adhesive  forces  of  Si(100),  2.8  nm  thick  Z-15  film,  and  2.3  nm  thick 
Z-DOL(BW)  film.  The  schematic  (bottom)  shows  the  effect  of  meniscus  formation  between  the 
AFM  tip  and  the  sample  surface  on  the  adhesive  and  friction  forces  [30] 


removal  of  the  top  adsorbed  layer.  In  the  case  of  Z-15  film,  the  friction  force  and 
coefficient  of  friction  show  an  increase  during  the  initial  few  cycles  and  then 
approach  to  higher  and  stable  values.  This  is  believed  to  be  caused  by  the  attachment 
of  the  Z-15  molecules  onto  the  tip.  The  molecular  interaction  between  these  attached 
molecules  to  the  tip  and  molecules  on  the  film  surface  is  responsible  for  an  increase 
in  the  friction.  But  after  several  scans,  this  molecular  interaction  reaches  to  the 
equilibrium  and  after  that  friction  force  and  coefficient  of  friction  remain  constant. 
In  the  case  of  Z-DOL  (BW)  film,  the  friction  force  and  coefficient  of  friction  start  out 
to  be  low  and  remain  low  during  the  entire  test  for  100  cycles.  It  suggests  that  Z-DOL 
(BW)  molecules  do  not  get  attached  or  displaced  as  readily  as  Z-15. 


22.8     Closure 


Atomic  force  microscope/friction  force  microscope  (AFM/FFM)  have  been  suc- 
cessfully used  for  measurements  of  surface  roughness,  friction,  adhesion,  scratching, 
wear,  indentation,  and  lubrication  on  a  micro  to  nanoscales.  Commonly  measured 
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Fig.  22.50    Summary  of  rest  time  effect  on  friction  force,  adhesive  force,  and  coefficient  of 
friction  of  Si(100),  2.8  nm  thick  Z-15  film,  and  2.3  nm  thick  Z-DOL(BW)  film  [30] 


roughness  parameters  are  scale  dependent,  requiring  the  need  of  scale-independent 
fractal  parameters  to  characterize  surface  roughness.  A  generalized  fractal  analysis 
is  presented  which  allows  the  characterization  of  surface  roughness  by  two  scale- 
independent  parameters.  Local  variation  in  microscale  friction  force  is  found  to 
correspond  to  the  local  surface  slope  suggesting  that  a  ratchet  mechanism  is 
responsible  for  this  variation.  Directionality  in  the  friction  is  observed  on  both 
micro-  and  macro-scales  because  of  surface  topography.  Microscale  friction  is 
found  to  be  significantly  smaller  than  the  macro-scale  friction  as  there  is  less 
plowing  contribution  in  microscale  measurements. 
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Fig.  22.51  Friction  force  and  coefficient  of  friction  versus  number  of  sliding  cycles  for  Si(100), 
2.8  nm  thick  Z-15,  and  2.3  nm  thick  Z-DOL  (BW)  film  at  70  nN,  0.8  um/s,  and  in  ambient  air. 
Schematic  bottom  shows  that  some  liquid  Z-15  molecules  can  be  attached  onto  the  tip.  The 
molecular  interaction  between  the  attached  molecules  onto  the  tip  with  the  Z-15  molecules  in 
the  film  results  in  an  increase  of  the  friction  force  with  multiscanning  [30] 
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Wear  rates  for  particulate  magnetic  tapes  and  polyester  tape  substrates  are 
approximately  constant  for  various  loads  and  test  durations.  However,  for  magnetic 
disks  and  magnetic  tapes  with  a  multilayered  thin-film  structure,  the  wear  of  the 
diamondlike  amorphous  carbon  overcoat  in  the  case  of  disks  and  magnetic  layer  in 
the  case  of  tapes,  is  catastrophic.  Breakdown  of  thin-films  can  be  detected  with 
AFM.  Evolution  of  the  wear  has  also  been  studied  using  AFM.  We  find  that  the 
wear  is  initiated  at  nanoscratches.  Amorphous  carbon  films  as  thin  as  3.5  nm  are 
deposited  as  continuous  films  and  exhibit  some  wear  life.  Wear  life  increases  with 
an  increase  in  film  thickness.  Carbon  coatings  deposited  by  cathodic  arc  and  ECR- 
CVD  processes  are  superior  in  wear  and  mechanical  properties  followed  by  ion 
beam  and  sputtering  processes.  AFM  has  been  modified  for  nanoindentation  hard- 
ness measurements  with  depth  of  indentation  as  low  as  5  nm.  Scratching  and 
indentation  on  nanoscales  are  the  powerful  ways  of  evaluation  of  the  mechanical 
integrity  of  ultrathin  films. 

AFM/FFM  friction  experiments  show  that  lubricants  with  polar  (reactive)  end 
groups  dramatically  increase  the  load  or  contact  pressure  that  a  liquid  film  can 
support  before  solid-solid  contact  and  thus  exhibit  long  durability.  The  lubricants 
with  the  absence  of  mobile  liquid  exhibit  low  friction  and  adhesion  and  don't 
exhibit  rest  time  effect. 
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Chapter  23 

MEMS/NEMS  and  BioMEMS/BioNEMS: 

Materials,  Devices,  and  Biomimetics 


Bharat  Bhushan 


Abstract  Micro/nanoelectromechanical  systems  (MEMS/NEMS)  need  to  be 
designed  to  perform  expected  functions  in  short  durations,  typically  in  the  millisec- 
ond to  picosecond  range.  The  expected  life  of  devices  for  high-speed  contacts  can 
vary  from  a  few  hundred  thousand  to  many  billions  of  cycles,  e.g.,  over  a  hundred 
billion  cycles  for  digital  micromirror  devices  (DMDs),  which  puts  serious  require- 
ments on  materials.  The  surface-area-to-volume  ratio  in  MEMS/NEMS  is  large, 
and  in  systems  involving  relative  motion,  surface  forces  such  as  adhesion,  friction, 
and  meniscus  and  viscous  forces  become  very  large  compared  with  inertial  and 
electromagnetic  forces.  There  is  a  need  for  fundamental  understanding  of  adhesion, 
friction/stiction,  wear,  lubrication,  and  the  role  of  surface  contamination  and 
environment,  all  on  the  nanoscale.  Most  mechanical  properties  are  known  to  be 
scale  dependent,  therefore  the  properties  of  nanoscale  structures  need  to  be 
measured.  For  bioMEMS/bioNEMS,  adhesion  between  biological  molecular  layers 
and  the  substrate,  and  friction  and  wear  of  biological  layers,  can  be  important. 
Component-level  studies  are  required  to  provide  a  better  understanding  of  the 
tribological  phenomena  occurring  in  MEMS/NEMS.  The  emergence  of  the  fields 
of  nanotribology  and  nanomechanics,  and  atomic  force  microscopy  (AFM)-based 
techniques,  has  provided  researchers  with  a  viable  approach  to  address  these 
problems.  The  emerging  field  of  biomimetics  holds  promise  for  the  development 
of  biologically  inspired  nanomaterials  and  nanotechnology  products.  One  example 
is  the  design  of  surfaces  with  roughness-induced  superhydrophobicity,  self- 
cleaning,  and  low  adhesion  based  on  the  so-called  lotus  effect.  This  chapter  presents 
an  overview  of  nanoscale  adhesion,  friction,  and  wear  studies  of  materials  and 
lubrication  for  MEMS/NEMS  and  bioMEMS/bioNEMS,  and  component-level 
studies  of  stiction  phenomena  in  MEMS/NEMS  devices, as  well  as  hierarchical 
nano-structured  surfaces  for  superhydrophobicity,  self-cleaning,  and  low  adhesion. 

23.1     MEMS/NEMS  Basics 

Microelectromechanical  systems  (MEMS)  refer  to  microscopic  devices  that 
have  a  characteristic  length  of  <1  mm  but  >100  nm  and  that  combine  electrical 
and  mechanical  components.  Nanoelectromechanical  systems  (NEMS)  refer  to 
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nanoscopic  devices  that  have  a  characteristic  length  of  <  100  nm  and  that  combine 
electrical  and  mechanical  components.  In  mesoscale  devices,  if  the  functional 
components  are  on  the  micro-  or  nanoscale,  they  may  be  referred  to  as  MEMS  or 
NEMS,  respectively.  These  are  referred  to  as  intelligent  miniaturized  systems 
comprising  sensing,  processing,  and/or  actuating  functions  and  combining  electri- 
cal and  mechanical  components.  The  acronym  MEMS  originated  in  the  USA.  The 
term  commonly  used  in  Europe  is  microsystem  technology  (MST),  and  in  Japan  it  is 
micromachines.  Another  term  generally  used  is  micro-nanodevices.  The  terms 
MEMS/NEMS  are  also  now  used  in  a  broad  sense  to  include  electrical,  mechanical, 
fluidic,  optical,  and/or  biological  functions.  MEMS/NEMS  for  optical  applications 
are  referred  to  as  micro-/nanooptoelectromechanical  systems  (MOEMS/NOEMS). 
MEMS/NEMS  for  electronic  applications  are  referred  to  as  radiofrequency  MEMS/ 
NEMS  (RF-MEMS/RF-NEMS).  MEMS/NEMS  for  biological  applications  are 
referred  to  as  bioMEMS/bioNEMS. 

To  put  the  characteristic  dimensions  and  weights  of  MEMS/NEMS  and  bio- 
NEMS  into  perspective,  see  Fig.  23.1  and  Table  23. 1.  NEMS  and  bioNEMS  shown 
in  the  figure  range  in  size  from  2  to  300  nm,  and  the  size  of  MEMS  is  12,000  nm. 
For  comparison,  individual  atoms  are  typically  a  fraction  of  a  nanometer  in  diame- 
ter, deoxyribonucleic  acid  (DNA)  molecules  are  rj  2.5  nm  wide,  biological  cells 
are  in  the  range  of  thousands  of  nm  in  diameter,  and  human  hair  is  ss  75  urn  in 
diameter.  NEMS  can  be  built  with  weight  as  low  as  10~20  N  with  cross  sections  of 
about  10  nm,  and  a  micromachined  silicon  structure  can  have  a  weight  as  low  as 
1  nN.  For  comparison,  the  weight  of  a  drop  of  water  is  ss  10  u,N  and  the  weight  of 
an  eyelash  is  sw  100  nN. 

Micro-nanofabrication  techniques  include  top-down  methods,  in  which  one  builds 
down  from  the  large  to  the  small,  and  bottom-up  methods,  in  which  one  builds  up 
from  the  small  to  the  large.  Top-down  methods  include  micro-nanomachining  meth- 
ods and  methods  based  on  lithography  as  well  as  nonlithographic  miniaturization, 
mostly  for  MEMS  and  fabrication  of  a  few  NEMS  devices.  In  bottom-up  methods, 
also  referred  to  as  nanochemistry,  devices  and  systems  are  assembled  from  their 
elemental  constituents  for  NEMS  fabrication,  much  as  nature  uses  proteins  and  other 
macromolecules  to  construct  complex  biological  systems.  The  bottom-up  approach 
has  the  potential  to  go  far  beyond  the  limits  of  top-down  technology  by  producing 
nanoscale  features  through  synthesis  and  subsequent  assembly.  Furthermore,  the 
bottom-up  approach  offers  the  potential  to  produce  structures  with  enhanced  and/or 
completely  new  functions.  It  allows  a  combination  of  materials  with  distinct  chemi- 
cal composition,  structure,  and  morphology.  For  a  brief  overview  of  fabrication 
techniques,  see  Appendix  A. 

MEMS/NEMS  and  bioMEMS/bioNEMS  are  expected  to  have  a  major  impact  on 
our  lives,  comparable  to  that  of  semiconductor  technology,  information  technology, 
or  cellular  and  molecular  biology  [4-7].  They  are  used  in  electromechanical, 
electronics,  information/communication,  chemical,  and  biological  applications. 
The  MEMS  industry  in  2004  was  worth  ps  US$  4.5  billion,  with  a  projected 
annual  growth  rate  of  17%  [8].  Growth  of  Si-based  MEMS  is  slowing 
down,  while  nonsilicon  MEMS  are  picking  up.  The  NEMS  industry  was  worth 
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Fig.  23.1  Characteristic  dimensions  of  MEMS/NEMS  and  bioNEMS  in  perspective.  Examples 
shown  are  a  single-walled  carbon  nanotube  (SWNT)  chemical  sensor  [1],  molecular  dynamic 
simulations  of  carbon-nanotube-based  gears  [2],  quantum-dot  transistor  obtained  from  van  der 
Wiel  et  al.  [3],  and  DMD  (DLP  Texas  Instruments).  For  comparison,  dimensions  and  weights  of 
various  biological  objects  found  in  nature  are  also  presented 
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w  US$  10  billion  dollars  in  2004,  mostly  in  nanomaterials  [9].  It  is  expected  to 
expand  in  nanomaterials  and  biomedical  applications  as  well  as  in  nanoelectronics 
or  molecular  electronics.  Due  to  the  enabling  nature  of  these  systems  and  because  of 
the  significant  impact  they  can  have  on  both  commercial  and  defense  applications, 
industry  as  well  as  federal  governments  have  taken  special  interest  in  seeing  growth 
nurtured  in  this  field.  MEMS/NEMS  and  bioMEMS/bioNEMS  are  the  next  logical 
step  in  the  silicon  revolution. 


23.1.1     Introduction  to  MEMS 

The  advances  in  silicon  photolithographic  process  technology  since  the  1960s 
led  to  the  development  of  MEMS  in  the  early  1980s.  More  recently,  litho- 
graphic processes  have  also  been  developed  to  process  nonsilicon  materials.  Litho- 
graphic processes  are  being  complemented  with  nonlithographic  processes  for 
fabrication  of  components  or  devices  made  from  plastics  or  ceramics.  Using 
these  fabrication  processes,  researchers  have  fabricated  a  wide  variety  of  devices 
with  dimensions  in  the  submicron  range  to  a  few  thousand  microns  (see  e.g., 
[10,  11,  12,  13,  14,  15,  16,  17,  18,  19,  20]).  MEMS  for  mechanical  applications 
include  acceleration,  pressure,  flow,  and  gas  sensors,  linear  and  rotary  actuators, 
and  other  microstructures  or  microcomponents  such  as  electric  motors,  gear  chains, 
gas  turbine  engines,  fluid  pumps,  fluid  valves,  switches,  grippers,  and  tweezers. 
MEMS  for  chemical  applications  include  chemical  sensors  and  various  analytical 
instruments.  MOEMS  devices  include  optical  components,  such  as  micromirror 
arrays  for  displays,  infrared  image  sensors,  spectrometers,  barcode  readers,  and 
optical  switches.  RF-MEMS  include  inductors,  capacitors,  antennas,  and  RF 
switches.  High-aspect-ratio  MEMS  (HARMEMS)  have  also  been  introduced. 

A  variety  of  MEMS  devices  have  been  produced  and  some  are  in  commercial 
use  [11,  13,  14,  15,  16,  18,  19,  20].  A  variety  of  sensors  are  used  in  industrial, 
consumer,  defense,  and  biomedical  applications.  The  largest  "killer"  industrial 
applications  include  accelerometers,  pressure  sensors,  thermal  and  piezoelectric 
inkjet  printheads,  and  digital  micromirror  devices.  Integrated  capacitive-type  sili- 
con accelerometers  have  been  used  in  airbag  deployment  in  automobiles  since  1991 
[21,  22];  some  90  million  units  were  installed  in  vehicles  in  2004.  Accelerometer 
technology  was  over  a  billion-dollar-a-year  industry  in  2004,  dominated  by  Analog 
Devices  followed  by  Freescale  Semiconductor  (formerly  Motorola)  and  Bosch.  It  is 
expected  to  grow  with  an  annual  growth  exceeding  30%.  Tri-axis  accelerometers 
are  needed  to  describe  three-dimensional  motion.  Multi-axis  accelerometers  are 
being  used  for  many  other  applications  such  as  vehicle  stability,  rollover  control, 
and  gyro  sensors  for  automotive  applications,  and  various  consumer  applications 
including  handheld  devices,  e.g.,  laptops  for  free-fall  detection  (2003),  cellular 
phones  (2004),  and  personal  digital  assistants  (PDAs)  for  menu  navigation,  gaming, 
image  rotation,  and  free-fall  detection.  Silicon-based  piezoresistive  pressure  sen- 
sors were  launched  in  1990  by  GE  NovaSensor  for  manifold  absolute  pressure 
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(MAP)  sensing  for  engines  and  for  disposable  blood-pressure  sensors;  their  annual 
sales  were  more  than  30  million  units  and  more  than  25  million  units,  respectively, 
in  2004.  MAP  sensors  measure  the  pressure  in  the  intake  manifold,  which  is  fed  to  a 
computer  that  determines  the  optimum  air-fuel  mixture  to  maximize  fuel  economy. 
Most  vehicles  have  these  as  part  of  the  electronic  engine  control  system.  Capacitive 
pressure  sensors  for  tire  pressure  measurements  were  launched  by  Freescale 
Semiconductor  (formerly  Motorola)  in  early  2000  and  are  also  manufactured  by 
Infineon/SensoNor  and  GE  Novasensor  (2003).  Piezoresistive-type  sensors  are  also 
used,  manufactured  by  various  companies  such  as  EnTire  Solutions  (2003).  The 
sensing  module  is  located  inside  the  rim  of  the  wheel  and  relays  the  information  via 
radiofrequency  to  a  central  processing  unit  (CPU)  in  order  to  display  it  to  the  driver. 
In  2005,  ps  9.2  million  vehicles  were  equipped  with  sensors,  which  translated  to 
pa  37  million  units.  Their  sales  have  grown  rapidly,  as  they  are  now  required  in 
automobiles  in  the  USA  (starting  in  2008),  which  affects  17  million  vehicles  (with 
one  device  in  each  tire)  sold  every  year.  Pressure  sensors  can  be  used  to  detect 
altitude  by  measuring  air  pressure.  For  example,  global  positioning  systems  (GPS) 
used  for  navigation  have  good  lateral  resolution  but  poor  vertical  resolution,  which 
creates  problems  in  identifying  the  level  in  the  case  of  multiple  roads  stacked  up. 
A  pressure  sensor  is  needed  to  determine  the  level  (altitude)  by  measuring  air 
pressure. 

Thermal  inkjet  printers  were  developed  independently  by  HP  and  Canon  and 
commercialized  in  1984  [23,  24,  25,  26]  and  today  are  made  by  Canon,  Epson,  HP, 
Lexmark,  Xerox,  and  others.  They  typically  cost  less  initially  than  dry-toner  laser 
printers  and  are  the  solution  of  choice  for  low-volume  print  runs.  Annual  sales  of 
thermal  inkjet  printheads  with  microscale  functional  components  were  >  500  mil- 
lion units  in  2004. 

Micromirror  arrays  are  used  for  displays.  Commercial  digital  light  processing 
(DLP)  equipment,  using  digital  micromirror  devices  (DMD),  were  launched  in 
1996  by  Texas  Instruments  (TI)  for  digital  projection  displays  in  computer  projec- 
tors, high-definition  television  (HDTV)  sets,  and  movie  projectors  (DLP  cinema) 
[27,  28,  29].  Several  million  projectors  had  been  sold  by  2004  (ps  US$  700  million 
revenue  by  TI  in  2004).  Electrostatically  actuated,  membrane-type  or  cantilever- 
type  microswitches  have  been  developed  for  direct-current  (DC),  RF,  and  optical 
applications  [30].  There  exists  two  basic  forms  of  RF  microswitches:  the  metal- 
to-metal  contact  microswitch  (ohmic)  and  the  capacitive  microswitch.  RF  micro- 
switches  can  be  used  in  a  variety  of  RF  applications,  including  cellular  phones, 
phase  shifters,  smart  antennas,  multiplexers  for  data  acquisition,  etc.  [31].  Optical 
microswitches  are  finding  applications  in  optical  networking,  telecommunications, 
and  wireless  technologies  [30,  32]. 

Other  applications  of  MEMS  devices  include  chemical/biological  and  gas 
sensors  [20,  33],  microresonators,  infrared  detectors  and  focal-plane  arrays 
for  Earth  observation,  space  science,  and  missile  defense  applications,  picosatel- 
lites  for  space  applications,  fuel  cells,  and  many  hydraulic,  pneumatic,  and 
other  consumer  products.  MEMS  devices  are  also  being  pursued  in  magnetic 
storage  systems  [34],  where  they  are  being  developed  for  supercompact  and 
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ultrahigh-recording-density  magnetic  disk  drives.  Several  integrated  head- 
suspension  microdevices  have  been  fabricated  for  contact  recording  applications 
[35].  High-bandwidth  servo-controlled  microactuators  have  been  fabricated  for 
ultrahigh-track-density  applications,  where  they  serve  as  the  fine-position  control 
element  of  a  two-stage  coarse-fine  servo  system,  coupled  with  a  conventional 
actuator  [36,  37]. 

Micro-nanoinstruments  and  micro-nanomanipulators  are  used  to  move,  position, 
probe,  pattern,  and  characterize  nanoscale  objects  and  nanoscale  features  [38]. 
Miniaturized  analytical  equipments  include  gas  chromatography  and  mass 
spectrometry.  Other  instruments  include  micro-scanning  tunneling  microscope 
(micro-STM). 

In  some  cases,  MEMS  devices  are  used  primarily  for  their  miniature  size,  while 
in  others,  as  in  the  case  of  airbags,  because  of  their  low-cost  manufacturing 
techniques.  This  latter  fact  has  been  possible  since  semiconductor  processing 
costs  have  reduced  drastically  over  the  last  decade,  allowing  the  use  of  MEMS  in 
many  fields. 


23.1.2     Introduction  to  NEMS 

NEMS  are  produced  by  nanomachining  in  a  typical  top-down  approach  (from  large 
to  small)  and  bottom-up  approach  (from  small  to  large),  largely  relying  on  nano- 
chemistry  (see,  e.g.,  [39,  40,  41,  42, 43, 44, 45]).  The  NEMS  field,  in  addition  to  the 
fabrication  of  nanosystems,  has  provided  impetus  for  the  development  of  experi- 
mental and  computation  tools.  Examples  of  NEMS  include  microcantilevers  with 
integrated  sharp  nanotips  for  STM  and  atomic  force  microscopy  (AFM)  [46,  47], 
quantum  corrals  formed  using  STM  by  placing  atoms  one  by  one  [48],  AFM 
cantilever  arrays  (millipede)  for  data  storage  [49],  STM  and  AFM  tips  for  nano- 
lithography,  dip-pen  nanolithography  for  printing  molecules,  nanowires,  carbon 
nanotubes,  quantum  wires  (QWRs),  quantum  boxes  (QBs),  quantum  transistors  [3], 
nanotube-based  sensors  [50,  51],  biological  (DNA)  motors,  molecular  gears  formed 
by  attaching  benzene  molecules  to  the  outer  walls  of  carbon  nanotubes  [2],  devices 
incorporating  nm-thick  films  [e.g.,  in  giant-magnetoresistive  (GMR)  read/write 
magnetic  heads  and  magnetic  media  for  magnetic  rigid  disk  and  magnetic  tape 
drives],  nanopatterned  magnetic  rigid  disks,  and  nanoparticles  (e.g.,  nanoparticles 
in  magnetic  tape  substrates  and  nanomagnetic  particles  in  magnetic  tape  coatings) 
[34,  52].  More  than  two  billion  read/write  magnetic  heads  were  shipped  for 
magnetic  disk  and  tape  drives  in  2004. 

Nanoelectronics  can  be  used  to  build  computer  memory  using  individual  mole- 
cules or  nanotubes  to  store  bits  of  information  [53],  molecular  switches,  molecular 
or  nanotube  transistors,  nanotube  flat-panel  displays,  nanotube  integrated  circuits, 
fast  logic  gates,  switches,  nanoscopic  lasers,  and  nanotubes  as  electrodes  in  fuel 
cells. 
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23.1.3    Introduction  to  BioMEMS/BioNEMS 

BioMEMS/bioNEMS  are  increasingly  used  in  commercial  and  defense  applications 
(see,  e.g.,  [54,  55,  56,  57,  58,  59,  60,  61]).  They  are  used  for  chemical  and 
biochemical  analyses  (biosensors)  in  medical  diagnostics  (e.g.,  DNA,  RNA,  pro- 
teins, cells,  blood  pressure  and  assays,  and  toxin  identification)  [61,  62],  tissue 
engineering  [63,  64,  65],  and  implantable  pharmaceutical  drug  delivery  [66,  67,  68]. 
Biosensors,  also  referred  to  as  biochips,  deal  with  liquids  and  gases.  There  are  two 
types  of  biosensors.  A  large  variety  of  biosensors  are  based  on  micro-nanofluidics 
[61,  69,  70,  71].  Micro-nanofluidic  devices  offer  the  ability  to  work  with  smaller 
reagent  volumes  and  shorter  reaction  times,  and  perform  analyses  of  multiple  types 
at  once.  The  second  type  of  biosensors  includes  micro-nanoarrays  which  perform 
one  type  of  analysis  thousands  of  times  [72,  73,  74,  75]. 

A  chip,  called  lab-on-a-CD,  with  micro-nanofluidic  technology  embedded  on 
the  disk  can  test  thousands  of  biological  samples  rapidly  and  automatically  [69]. 
An  entire  laboratory  can  be  integrated  onto  a  single  chip,  called  a  lab-on-a-chip 
[61,  70,  71].  Silicon-based  disposable  blood-pressure  sensor  chips  were  introduced 
in  early  1990s  by  GE  NovaSensor  for  blood-pressure  monitoring  (w  25  million 
units  in  2004).  A  blood-sugar  monitor,  referred  to  as  GlucoWatch,  was  introduced 
in  2002.  It  automatically  checks  blood  sugar  every  10  min  by  detecting  glucose 
through  the  skin,  without  having  to  draw  blood.  If  glucose  is  out  of  the  acceptable 
range,  it  sounds  an  alarm  so  the  diabetic  patient  can  address  the  problem  quickly.  A 
variety  of  biosensors,  many  using  plastic  substrates,  are  manufactured  by  various 
companies  including  ACLARA,  Agilent  Technologies,  Calipertech,  and  I-STAT. 

The  second  type  of  biochips  -  micro-nanoarrays  -  is  a  tool  used  in  biotechnology 
research  to  analyze  DNA  or  proteins  to  diagnose  diseases  or  discover  new  drugs. 
Also  called  DNA  arrays,  they  can  identify  thousand  of  genes  simultaneously 
[57,  72].  They  include  a  microarray  of  silicon  nanowires,  roughly  a  few  nm  in 
size,  to  selectively  bind  and  detect  even  a  single  biological  molecule  such  as  DNA 
or  protein  by  using  nanoelectronics  to  detect  the  slight  electrical  charge  caused  by 
such  binding,  or  a  microarray  of  carbon  nanotubes  to  detect  glucose  electrically. 

After  the  tragedy  of  September  11,  2001,  concern  about  biological  and  chemical 
warfare  has  led  to  the  development  of  handheld  units  with  biological  and  chemical 
sensors  for  detection  of  biological  germs,  chemical  or  nerve  agents,  and  mustard 
agents,  and  their  chemical  precursors,  to  protect  subways,  airports,  water  supplies, 
and  the  population  at  large  [76]. 

BioMEMS/bioNEMS  are  also  being  developed  for  minimally  invasive  sur- 
gery, including  endoscopic  surgery,  laser  angioplasty,  and  microscopic  surgery. 
Implantable  artificial  organs  can  also  be  produced.  Other  applications  include: 
implantable  drug-delivery  devices,  e.g.,  micro-nanoparticles  with  drug  molecules 
encapsulated  in  functionalized  shells  for  site-specific  targeting  applications,  and  a 
silicon  capsule  with  a  nanoporous  membrane  filled  with  drugs  for  long-term 
delivery  [66,  77,  78,  79];  nanodevices  for  sequencing  single  molecules  of  DNA 
in  the  Human  Genome  Project  [61];  cellular  growth  using  carbon  nanotubes  for 
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spinal-cord  repair;  nanotubes  for  nanostructured  materials  for  various  applications 
such  as  spinal  fusion  devices;  organ  growth;  and  growth  of  artificial  tissues  using 
nanofibers. 


23.1.4    Nanotribology  and  Nanomechanics  Issues  in 
MEMSINEMS  and  BioMEMS/BioNEMS 

Tribological  issues  are  important  in  MEMS/NEMS  and  bioMEMS/bioNEMS 
requiring  intended  and/or  unintended  relative  motion.  In  these  devices,  various 
forces  associated  with  the  device  scale  down  with  the  size.  When  the  length  of  the 
machine  decreases  from  1  mm  to  1  urn,  the  surface  area  decreases  by  a  factor  of  a 
million,  and  the  volume  decreases  by  a  factor  of  a  billion.  As  a  result,  surface  forces 
such  as  adhesion,  friction,  meniscus  forces,  viscous  forces,  and  surface  tension  that 
are  proportional  to  surface  area  become  a  thousand  times  larger  than  the  forces 
proportional  to  the  volume,  such  as  inertial  and  electromagnetic  forces.  In  addition 
to  the  consequence  of  large  surface-to-volume  ratios,  the  small  tolerances  for  which 
these  devices  are  designed  make  physical  contacts  more  likely,  thereby  making 
them  particularly  vulnerable  to  adhesion  between  adjacent  components.  Slight 
particulate  or  chemical  contamination  present  at  the  interface  can  be  detrimental. 
Furthermore,  the  small  start-up  forces  and  the  torques  available  to  overcome 
retarding  forces  are  small,  and  the  increase  in  resistive  forces  such  as  adhesion 
and  friction  become  a  serious  tribological  concern  that  limits  the  durability  and 
reliability  of  MEMS/NEMS  [13].  A  large  lateral  force  required  to  initiate  relative 
motion  between  two  surfaces,  i.e.,  large  static  friction,  is  referred  to  as  stiction  and 
has  been  studied  extensively  in  the  tribology  of  magnetic  storage  systems  [34,  46, 
80,  81,  82,  83,  84].  The  source  of  stiction  is  generally  liquid-mediated  adhesion, 
with  the  source  of  liquid  being  process  fluid  or  capillary  condensation  of  water 
vapor  from  the  environment.  Adhesion,  friction/stiction  (static  friction),  wear,  and 
surface  contamination  affect  MEMS/NEMS  and  bioMEMS/bioNEMS  performance 
and,  in  some  cases,  can  even  prevent  devices  from  working.  Some  examples  of 
devices  that  experience  nanotribological  problems  follow. 

Nanomechanical  properties  are  scale  dependent,  therefore  these  should  be 
measured  at  relevant  scales. 


MEMS 

Figure  23.2  shows  examples  of  several  microcomponents  that  can  encounter  the 
above-mentioned  tribological  problems.  The  polysilicon  electrostatic  micromotor 
has  12  stators  and  a  four-pole  rotor  and  is  produced  by  surface  micromachining. 
The  rotor  diameter  is  120  urn,  and  the  air  gap  between  the  rotor  and  stator  is  2  urn 
[85].  It  is  capable  of  continuous  rotation  at  up  to  100,000  rpm.  The  intermittent 
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Fig.  23.2  Examples  of  MEMS  devices  and  components  that  experience  tribological  problems, 
(a)  Electrostatic  micromotor  (after  [85]).  (b)  Microturbine  bladed  rotor  and  nozzle  vanes  on  the 
stator  (after  [86]).  (c)  Six-gear  chain  (Sandia).  (d)  Ni/Fe  Wolfrom-type  gear  system  produced  by 
LIGA  (after  [87]) 


contact  at  the  rotor-stator  interface  and  physical  contact  at  the  rotor-hub  flange 
interface  result  in  wear  issues,  and  high  stiction  between  the  contacting  surfaces 
limits  repeatability  of  operation  or  may  even  prevent  operation  altogether.  Next,  a 
bulk  micromachined  silicon  stator-rotor  pair  is  shown  with  a  bladed  rotor  and 
nozzle  guide  vanes  on  the  stator  with  dimensions  <  1  mm  [86,  88].  These  are  being 
developed  for  a  high-temperature  micro  gas-turbine  engine  with  rotor  dimension  of 
4-6  mm  in  diameter  and  operating  speed  of  up  to  1  million  rpm  (with  a  sliding 
velocity  in  excess  of  500  m/s,  comparable  to  velocities  of  large  turbines  operating 
at  high  velocities)  to  achieve  high  specific  power,  up  to  a  total  of  s=s  10  W.  Erosion 
of  blades  and  vanes  and  design  of  the  microbearings  required  to  operate  at  the 
extremely  high  speeds  used  in  the  turbines  are  some  of  the  concerns.  Ultrashort, 
high-speed  micro  hydrostatic  gas  journal  bearings  with  length-to-diameter  ratio 
(LID)  of  <  0.1  are  being  developed  for  operation  at  surface  speeds  of  the  order  of 
500  m/s,  which  results  in  unique  design  challenges  [89].  Microfabrica  Inc.  in  the 
USA  is  developing  microturbines  with  outer  diameter  as  low  as  0.9  mm  to  be  used 
as  power  sources  for  medical  devices.  They  plan  to  use  precision  ball  bearings. 

Next  in  Fig.  23.2  is  a  scanning  electron  microscopy  (SEM)  micrograph  of 
a  surface-micromachined  polysilicon  six-gear  chain  from  Sandia  National  Lab. 
(For  more  examples  of  an  early  version,  see  [90].)  As  an  example  of  nonsilicon 
components,  a  milligear  system  produced  using  the  LIGA  process  for  a  DC  brush- 
less  permanent  magnet  millimotor  (diameter  =  1.9  mm,  length  =  5.5  mm)  with 
an  integrated  milligear  box  [87,  91,  92]  is  also  shown.  The  gears  are  made  of 
metal  (electroplated  Ni-Fe)  but  can  also  be  made  from  injected  polymer  materials 
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Fig.  23.3  (a)  Optical  micrograph  of  a  microengine  driven  by  an  electrostatically  actuated  comb 
drive  (microengine),  fabricated  by  Sandia  Summit  Technologies  (after  [93]).  (b)  The  polysilicon 
microgear  unit  can  be  driven  at  speeds  of  up  to  250,000  rpm.  Various  sliding  components  are 
shown  after  laboratory  wear  test  for  6,000  cycles  at  1.8%  relative  humidity  (after  [94]).  (c)  Stuck 
comb  drive  (CSEM) 


(e.g.,  polyoxy-methylene  or  POM)  using  the  LIGA  process.  Even  though  the  torque 
transmitted  at  the  gear  teeth  is  small,  of  the  order  of  a  fraction  of  nN  m,  because  of 
the  small  dimensions  of  gear  teeth,  the  bending  stresses  are  large  where  the  teeth 
mesh.  Tooth  breakage  and  wear  at  the  contact  of  gear  teeth  is  a  concern. 

Figure  23.3  shows  an  optical  micrograph  of  a  microengine  driven  by  an  electro- 
statically activated  comb  drive  connected  to  the  output  gear  by  linkages,  for 
operation  in  the  kHz  frequency  range,  which  can  be  used  as  a  general  drive  and 
power  source  to  drive  micromechanisms  [93].  Parts  are  fabricated  from  polysilicon. 
A  microgear  unit  is  used  to  convert  reciprocating  motion  from  a  linear  actuator  into 
circular  motion.  Another  drive  linkage  oriented  at  90°  to  the  original  linkage,  driven 
by  another  linear  actuator,  allows  continuous  motion  to  be  maintained.  The  linkages 
are  connected  to  the  output  gear  through  pin  joints  that  allow  relative  motion. 

One  inset  shows  a  polysilicon,  multiple  microgear  speed  reduction  unit  and  its 
components  after  laboratory  wear  tests  conducted  for  6,000  cycles  at  1.8%  relative 
humidity  (RH)  [94].  Wear  of  various  components  is  clearly  observed  in  the  figure. 
Humidity  was  shown  to  be  a  strong  factor  in  the  wear  of  rubbing  surfaces.  In  order 
to  improve  the  wear  characteristics  of  rubbing  surfaces,  20  nm-thick  tungsten  (W) 
coating  deposited  at  450°  C  using  chemical  vapor  deposition  (CVD)  technique  was 
used  [95].  Tungsten-coated  microengines  tested  for  reliability  showed  improved 
wear  characteristics  with  longer  lifetimes  than  polysilicon  microengines.  However, 
these  coatings  have  poor  yield.  Instead,  vapor-deposited  self-assembled  mono- 
layers of  fluorinated  (dimethylamino)silane  are  used  [96].  They  can  be  deposited 
with  high  yield;  however,  durability  is  not  as  good.  The  second  inset  shows  a  comb 
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drive  with  a  deformed  frame,  which  results  in  some  fingers  coming  into  contact. 
The  contacting  fingers  can  result  in  stiction. 

Figure  23.4a  shows  a  schematic  of  a  micromachined  flow  modulator.  Several 
micromachined  flow  channels  are  integrated  in  series  with  electrostatically  actuated 
microvalves  [97].  The  flow  channels  lead  to  a  central  gas  outlet  hole  drilled  into  the 
glass  substrate.  Gas  enters  the  device  through  a  bulk  micromachined  gas  inlet  hole 
in  the  silicon  cap.  The  gas,  after  passing  through  an  open  microvalve,  flows  parallel 
to  the  glass  substrate  through  flow  channels  and  exits  the  device  through  an  outlet. 
The  normally  open  valve  structure  consists  of  a  freestanding  double-end-clamped 
beam,  which  is  positioned  beneath  the  gas  inlet  orifice.  When  electrostatically 
deflected  upwards,  the  beam  seals  against  the  inlet  orifice  and  the  valve  is  closed. 
In  these  microvalves  used  for  flow  control,  the  mating  valve  surfaces  should  be 
smooth  enough  to  seal  while  maintaining  a  minimum  roughness  to  ensure  low 
adhesion  [80,  81,  82,  98]. 

The  second  MEMS  device  shown  (Fig.  23.4b)  is  an  electrostatically  driven 
rotary  microactuator  for  a  magnetic  disk  drive,  surface-micromachined  by  a  multilayer 
electroplating  method  [37].  This  high-bandwidth  servo-controlled  microactuator, 
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Fig.  23.4    Examples  of 
MEMS  devices  that 
experience  tribological 
problems,  (a)  Low-pressure 
flow  modulator  with 
electrostatically  actuated 
microvalves  (after  [97]).  (b) 
Electroplated-nickel  rotary 
microactuator  for  magnetic 
disc  drives  (after  [37]) 
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located  between  a  slider  and  a  suspension,  is  being  developed  for  ultrahigh-track- 
density  applications,  which  serves  as  the  fine-position  and  high-bandwidth  control 
element  of  a  two-stage  coarse-fine  servo  system  when  coupled  with  a  conventional 
actuator  [36,  37].  A  slider  is  placed  on  top  of  the  central  block  of  a  microactuator, 
which  provides  rotational  motion  to  the  slider.  The  bottom  of  the  silicon  substrate  is 
attached  to  the  suspension.  The  radial  flexure  beams  in  the  central  block  give 
rotational  freedom  of  motion  to  the  suspended  mass  (slider),  and  the  electrostatic 
actuator  drives  the  suspended  mass.  Actuation  is  accomplished  via  interdigitated, 
cantilevered  electrode  fingers,  which  are  alternatingly  attached  to  the  central  body 
of  the  moving  part  and  to  the  stationary  substrate  to  form  pairs.  A  voltage  applied 
across  these  electrodes  results  in  an  electrostatic  force  which  rotates  the  central 
block.  The  interelectrode  gap  width  is  ss  2  urn.  Any  unintended  contacts  between 
the  moving  and  stationary  electroplated-nickel  electrodes  may  result  in  wear  and 
stiction. 

Commercially  available  MEMS  devices  also  exhibit  tribological  problems. 
Figure  23.5a  shows  an  integrated  capacitive-type  silicon  accelerometer  fabricated 
using  surface  micromachining  by  Analog  Devices,  a  couple  of  mm  in  dimension, 
which  is  used  for  airbag  deployment  in  automobiles,  and  more  recently  for  various 
other  consumer  electronic  markets  [21,  99].  The  central  suspended  beam  mass 
(~  0.7  (J.g)  is  supported  on  the  four  corners  by  spring  structures.  The  central 
beam  has  interdigitated  cantilevered  electrode  fingers  (w  125  um  long  and  3  um 
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Fig.  23.5    Examples  of  MEMS  devices  in  commercial  use  that  experience  tribological  problems. 

(a)  Capacitive-type   silicon  accelerometer  for  automotive   sensory   applications   (after   [99]). 

(b)  Piezoresistive-type  pressure  sensor  (after  [100]).  (c)  Thermal  inkjet  printhead  (after  [25]) 
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thick)  on  all  four  sides  that  alternate  with  those  of  the  stationary  electrode  fingers  as 
shown,  with  about  a  1.3  um  gap.  Lateral  motion  of  the  central  beam  causes  a 
change  in  the  capacitance  between  these  electrodes,  which  is  used  to  measure  the 
acceleration.  Stiction  between  the  adjacent  electrodes  as  well  as  stiction  of  the 
beam  structure  with  the  underlying  substrate,  under  isolated  conditions,  is  detri- 
mental to  the  operation  of  the  sensor  [21,  99].  Wear  during  unintended  contact  of 
these  polysilicon  fingers  is  also  a  problem.  A  molecularly  thick  diphenyl  siloxane 
lubricant  film,  resistant  to  high  temperatures  and  oxidation,  is  applied  by  a  vapor- 
deposition  process  on  the  electrodes  to  reduce  stiction  and  wear  [101].  For  deposi- 
tion, a  small  amount  of  liquid  is  dispensed  into  each  package  before  it  is  sealed.  As 
the  package  is  heated  in  the  furnace,  the  liquid  evaporates  and  coats  the  sensor 
surface.  As  sensors  are  required  to  sense  low-g  accelerations,  they  need  to  be  more 
compliant  and  stiction  becomes  an  even  bigger  concern. 

Figure  23.5b  shows  a  cross-sectional  view  of  a  typical  piezoresistive-type 
pressure  sensor,  which  is  used  for  various  applications  including  manifold  absolute 
pressure  (MAP)  and  tire  pressure  measurements  in  automotive  applications,  and 
disposable  blood-pressure  measurements.  The  sensing  material  is  a  diaphragm 
formed  on  a  silicon  substrate,  which  bends  with  applied  pressure  [100,  102].  The 
deformation  causes  a  change  in  the  band  structure  of  the  piezoresistors  that  are 
placed  on  the  diaphragm,  leading  to  a  change  in  the  resistivity  of  the  material.  MAP 
sensors  are  subjected  to  drastic  conditions  -  extreme  temperatures,  vibrations, 
sensing  fluid,  and  thermal  shock.  Fluid  under  extreme  conditions  could  cause 
corrosive  wear.  Fluid  cavitation  could  cause  erosive  wear.  The  protective  gel 
encapsulant  generally  used  can  react  with  the  sensing  fluid  and  result  in  swelling 
or  dissolution  of  the  gel.  Silicon  cannot  deform  plastically,  therefore  any  pressure 
spikes  leading  to  deformation  past  its  elastic  limit  will  result  in  fracture  and  crack 
propagation.  Pressure  spikes  could  also  cause  the  diaphragm  to  delaminate  from  the 
support  substrate.  Finally,  cyclic  loading  of  the  diaphragm  during  use  can  lead  to 
fatigue  and  wear  of  the  silicon  diaphragm  or  delamination. 

The  schematic  in  Fig.  23.5c  shows  a  cross-sectional  view  of  a  thermal  printhead 
chip  (of  the  order  of  10-50  cm3  in  volume)  used  in  inkjet  printers  [25].  They 
comprise  an  ink  supply  and  an  array  of  elements  with  microscopic  heating  resistors 
on  a  substrate  mated  to  a  matching  array  of  injection  orifices  or  nozzles  («  70  urn 
in  diameter)  [23,  24,  26].  In  each  element,  a  small  chamber  is  heated  by  the  resistor, 
where  a  brief  electrical  impulse  vaporizes  part  of  the  ink  and  creates  a  tiny  bubble. 
The  heaters  operate  at  several  kHz  and  are  therefore  capable  of  high-speed  printing. 
As  the  bubble  expands,  some  of  the  ink  is  pushed  out  of  the  nozzle  onto  the  paper. 
When  the  bubble  pops,  a  vacuum  is  created  and  this  causes  more  ink  from  the 
cartridge  to  move  into  the  printhead.  Clogged  ink  ports  are  the  major  failure  mode. 
There  are  various  tribological  concerns  [23].  The  surface  of  the  printhead  from 
where  the  ink  is  ejected  towards  the  paper  can  become  scratched  or  damaged  as  a 
result  of  countless  trips  back  and  forth  across  the  pages,  which  are  somewhat  rough. 
As  a  result  of  repeated  heating  and  cooling,  the  heated  resistors  expand  and 
contract.  Over  time,  these  elements  will  experience  fatigue  and  may  eventually 
fail.  Bubble  formation  in  the  ink  reservoir  can  lead  to  cavitation  erosion  of  the 
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chamber,  which  occurs  when  bubbles  formed  in  the  fluid  become  unstable  and 
implode  against  the  surface  of  the  solid  and  impose  impact  energy  on  that  surface. 
Fluid  flow  through  nozzles  may  cause  erosion  and  ink  particles  may  also  cause 
abrasive  wear.  Corrosion  of  the  ink  reservoir  surfaces  can  also  occur  as  a  result  of 
exposure  of  ink  to  high  temperatures  as  well  as  due  to  ink  pH.  The  substrate  of  the 
chip  consists  of  silicon  with  a  thermal  barrier  layer  followed  by  a  thin  film  of 
resistive  material  and  then  conducting  material.  The  conductor  and  resister  layers 
are  generally  protected  by  an  overcoat  layer  of  a  plasma-enhanced  chemical  vapor 
deposition  (PECVD)  a-SiC:H  layer,  200-500  nm  thick  [103]. 

Figure  23.6a  shows  two  digital  micromirror  device  (DMD)  pixels  used  in 
digital  light  processing  (DLP)  technology  for  digital  projection  displays  in  com- 
puter projectors,  high-definition  television  (HDTV)  sets,  and  movie  projectors  [27, 
28,  29].  The  entire  array  (chip  set)  consists  of  a  large  number  of  oscillating 
aluminum  alloy  micromirrors  as  digital  light  switches  which  are  fabricated  on  top 
of  a  complementary  metal-oxide-semiconductor  (CMOS)  static  random-access 
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Fig.  23.6  Examples  of  two  commercial  MOEMS  (a,b)  and  one  RF-MEMS  (c)  device  that 
experience  tribological  problems,  (a)  Digital  micromirror  devise  for  displays  (after  [28]).  (b) 
Tilt  miiTor  arrays  for  switching  optical  signal  input  and  output  fiber  arrays  in  optical  cross-connect 
for  telecommunications  (after  [104]).  (c)  RF  microswitch  (©  IMEC,  Belgium) 
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memory  integrated  circuit.  The  surface-micromachined  array  consists  of  half  a 
million  to  more  than  two  million  of  these  independently  controlled  reflective 
micromirrors,  each  ps  12  urn  square  and  with  13  urn  pitch,  which  flip  backward 
and  forward  at  a  frequency  of  of  the  order  of  5,000-7,000  times  a  second  as  a  result 
of  electrostatic  attraction  between  the  micromirror  structure  and  the  underlying 
electrodes.  For  binary  operation,  the  micromirror-yoke  structure  mounted  on 
torsional  hinges  is  oscillated  ±  10°  (with  respect  to  the  plane  of  the  chip  set), 
limited  by  a  mechanical  stop.  Contact  between  cantilevered  spring  tips  at  the  end  of 
the  yoke  (four  present  on  each  yoke)  and  the  underlying  stationary  landing  sites  is 
required  for  true  digital  (binary)  operation.  Stiction  and  wear  during  contact 
between  aluminum-alloy  spring  tips  and  landing  sites,  hinge  memory  (metal 
creep  at  high  operating  temperatures),  hinge  fatigue,  shock  and  vibration  failure, 
and  sensitivity  to  particles  in  the  chip  package  and  operating  environment  are  some 
of  the  important  issues  affecting  the  reliable  operation  of  a  micromirror  device 
[105,  106,  107,  108,  109].  A  vapor-phase-deposited  self-assembled  monolayer  of 
the  fatty  acid  perfluorodecanoic  acid  (PFDA)  on  surfaces  of  the  tip  and  landing  sites 
is  used  to  reduce  stiction  and  wear  [110,  111].  However,  these  films  are  susceptible 
to  moisture,  and  to  keep  moisture  out  and  create  a  background  pressure  of  PFDA,  a 
hermetic  chip  package  is  used.  The  spring  tip  is  used  in  order  to  use  the  stored 
spring  energy  to  pop  up  the  tip  during  pull-off.  A  lifetime  estimate  of  over 
100,000  h  operation  with  no  degradation  in  image  quality  is  the  norm.  At  a  mirror 
modulation  frequency  of  7  kHz,  each  micromirror  element  needs  to  switch  w  2.5 
trillion  cycles. 

Figure  23.6b  shows  a  schematic  of  a  256  x  256-port  large  optical  cross-connect, 
introduced  in  2000  by  Glimmerglass  (Hayward,  CA)  for  optical  telecommunication 
networks  in  order  to  be  able  to  manipulate  a  larger  number  of  optical  signals  rapidly 
[104].  This  optical  microswitch  uses  256  or  more  movable  mirrors  on  a  chip  for 
switching  a  light  beam  from  an  input  fiber  to  a  few  output  fibers.  The  mirrors  are 
made  of  gold-coated  polysilicon  and  are  «  500  um  in  diameter.  Reliability  con- 
cerns are  the  same  as  those  described  above  for  DMDs.  To  minimize  stiction,  the 
chipset  is  hermetically  sealed  in  dry  nitrogen  (90%  N2,  10%  He). 

Figure  23.6c  shows  a  schematic  of  an  electrostatically-actuated  capacitive-type 
RF  microswitch  for  switching  of  RF  signals  at  microwave  and  low  frequencies 
[  1 12].  It  is  of  membrane  type  and  consists  of  a  flexible  metal  (Al)  bridge  that  spans 
the  RF  transmission  line  in  the  center  of  a  coplanar  waveguide.  When  the  bridge  is 
up,  the  capacitance  between  the  bridge  and  RF  transmission  line  is  small,  and  the 
RF  signal  passes  without  much  loss.  When  a  DC  voltage  is  applied  between  the  RF 
transmission  line  and  the  bridge,  the  latter  is  pulled  down  until  it  touches  a  dielectric 
isolation  layer.  The  large  capacitance  thus  created  shorts  the  RF  signal  to  ground. 
The  failure  modes  include  creep  in  the  metal  bridge,  fatigue  of  the  bridge,  charging 
and  degradation  of  the  dielectric  insulator,  and  stiction  of  the  bridge  to  the  insulator 
[30,  112].  Stiction  occurs  due  to  capillary  condensation  of  water  vapor  from  the 
environment,  van  der  Waals  forces,  and/or  charging  effects.  If  the  restoring  force 
in  the  bridge  of  the  switch  is  not  large  enough  to  pull  the  bridge  up  again 
after  the  actuation  voltage  has  been  removed,  the  device  fails  due  to  stiction. 


848 


B.  Bhushan 


Humidity-induced  stiction  can  be  avoided  by  hermetically  sealing  the  microswitch. 
Some  roughness  of  the  surfaces  reduces  the  probability  of  stiction.  Selected  actua- 
tion waveforms  can  be  used  to  minimize  charging  effects. 


NEMS 

Probe-based  data  recording  technologies  are  being  developed  for  ultrahigh-areal- 
density  recording,  where  the  probe  tip  is  expected  to  be  scanned  at  velocities  up  to 
100  mm/s.  There  are  three  major  techniques  being  developed:  thermomechanical 
[49],  phase  change  [113],  and  ferroelectric  recording  [114,  115].  We  discuss  the 
tribological  issues  with  two  of  the  widely  pursued  techniques  [116]. 

Figure  23.7a  shows  the  thermomechanical  recording  system  which  uses  arrays  of 
1 ,024  silicon  microcantilevers  and  playback  on  an  ss  40  nm-thick  polymer  medium 
with  a  harder  Si  substrate  [49].  The  cantilevers  consist  of  integrated  tip  heaters  with 
tips  of  nanoscale  dimensions.  (The  sharp  tips  themselves  are  also  example  of 
NEMS.)  Thermomechanical  recording  is  a  combination  of  applying  a  local  force 
to  the  polymer  layer  and  softening  it  by  local  heating.  The  tip,  heated  to  ss  400°C,  is 
brought  into  contact  with  the  polymer  for  recording.  Readings  are  done  using  the 
cantilever  heater,  originally  used  for  recording,  as  a  thermal  read-back  sensor  by 
exploiting  its  temperature-dependent  resistance.  The  principle  of  thermal  sensing  is 
based  on  the  fact  that  the  thermal  conductivity  between  the  heater  and  the  storage 
substrate  changes  according  to  the  spacing  between  them.  When  the  spacing 
between  the  heater  and  sample  is  reduced  as  the  tip  moves  into  a  bit,  the  heater's 
temperature  and  hence  its  resistance  will  decrease.  Thus,  changes  in  temperature  of 
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Fig.  23.7    Two  example  of  NEMS  devices:  (a)  thermomechanical  recording,  and  (b)  ferroelectric 
recording,  which  experience  tribological  problems 
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the  continuously  heated  resistor  are  monitored  while  the  cantilever  is  scanned  over 
data  bits,  providing  a  means  of  detecting  the  bits.  Erasing  for  subsequent  rewriting 
is  carried  out  by  thermal  reflow  of  the  storage  field  by  heating  the  medium  to  150°C 
for  a  few  seconds.  The  smoothness  of  the  reflown  medium  allows  multiple  rewriting 
of  the  same  storage  field.  Bit  sizes  ranging  between  10  and  50  nm  have  been 
achieved  by  using  a  32  x  32  (1,024)  array  write/read  chip  (3  mm  x  3  mm).  It 
has  been  reported  that  tip  wear  occurs  due  to  contact  between  tip  and  Si  substrate 
during  writing.  Tip  wear  is  considered  a  major  concern  for  the  device  reliability. 

Figure  23.7b  shows  a  schematic  of  domain  writing  and  reading  in  a  ferroelectric 
film.  The  electrically  conductive  AFM  tips  are  placed  in  contact  with  a  piezoelec- 
tric (lead  zirconate  titanate,  PZT)  film-coated  medium  [114,  115].  Ferroelectric 
domains  on  the  PZT  film  are  polarized  by  applying  short  voltage  pulses  («  10  V, 
«  100  (J.s)  that  exceed  the  coercive  field  of  the  PZT  layer,  resulting  in  local, 
nonvolatile  changes  in  the  electronic  properties  of  the  underlying  film.  The  temper- 
ature rise  during  recording  is  expected  to  be  of  the  order  of  80°  C.  Reading  out  of  the 
polarization  states  in  the  ferroelectric  film  can  be  carried  out  using  two  different 
methods.  In  one  method,  the  static  surface  charge,  proportional  to  the  normal 
component  of  polarization,  can  be  detected  by  electrostatic  force  microscopy  in 
the  noncontact  mode.  In  the  second  method,  an  AFM  is  operated  in  contact  mode 
and  the  piezoresponse  force  is  measured  by  applying  an  alternating-current  (AC) 
voltage.  Wear  of  the  conducting  tip  and  the  PZT  layer  at  high  scanning  velocities  is 
a  major  concern  for  device  reliability.  Various  lubricant  films  are  being  developed 
to  minimize  wear  [113,  114,  115,  116,  117,  118,  119]. 

In  magnetic  data  storage,  magnetic  recording  is  accomplished  by  relative  motion 
between  the  magnetic  head  slider  and  a  magnetic  rigid  disk  [34].  Magnetic  rigid 
disks  and  heads  used  today  for  magnetic  data  storage  consist  of  nanostructured 
films  a  few  nm  thick.  Figure  23.8a  shows  a  sectional  view  of  a  conventional 
multigrain  magnetic  rigid  disk.  The  superparamagnetic  effect  poses  a  serious 
challenge  for  the  ever-increasing  areal  density  of  disk  drives.  One  of  the  promising 
methods  to  circumvent  the  density  limitations  imposed  by  this  effect  is  the  use  of  a 
nanopatterned  disk  (Fig.  23.8b).  In  a  conventional  disk,  the  thin  magnetic  layer 
forms  a  random  mosaic  of  nanometer-scale  grains,  and  each  recorded  bit  consists  of 
many  tens  of  these  random  grains.  In  a  patterned  disk,  the  magnetic  layer  is  created 
as  an  ordered  array  of  highly  uniform  islands,  each  island  capable  of  storing  an 
individual  bit.  These  islands  may  be  one  or  a  few  grains,  rather  than  a  collection  of 
random  decoupled  grains.  This  increases  the  density  by  a  couple  of  orders  of  magni- 
tude. Figure  23.8c  shows  a  schematic  of  an  inductive  write/giant-magnetoresistive 
(GMR)  read  head  structure.  These  are  constructed  from  a  variety  of  materials: 
magnetic  alloys,  metal  conductors,  ceramic,  and  polymer  insulators  in  a  complex 
three-dimensional  structure.  The  multilayered  thin-film  structure  used  to  construct 
the  sensor  and  individual  films  are  only  a  few  nm  thick.  The  head  slider  surface, 
which  flies  over  the  disk  surface,  is  coated  with  ss  3  nm-thick  diamond-like  carbon 
coatings  to  protect  the  thin-film  structure  from  electrostatic  discharge.  Any  isolated 
contacts  between  the  disk  and  sensor  and  lubricant  pickup  pose  tribological  con- 
cerns [34]. 
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Fig.  23.8    Schematic  of 
(a)  sectional  view  of  a 
conventional  multigrain 
magnetic  rigid  disk,  (b) 
nanopatterned  magnetic  rigid 
disk,  and  (c)  an  inductive 
write/GMR  read  magnetic 
head  structure  for  magnetic 
data  storage  (Hitachi) 
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BioMEMS 


An  example  of  a  wristwatch-type  biosensor  based  on  microfluidics,  referred  to  as  a 
lab-on-a-chip  system,  is  shown  in  Fig.  23.9a  [61,  70].  These  systems  are  designed 
either  to  detect  a  single  or  a  class  of  (bio)chemicals  or  for  system-level  analytical 
capabilities  for  a  broad  range  of  (bio)chemical  species  (known  as  a  micro  total 
analysis  system,  mTAS),  and  have  the  advantage  of  incorporating  sample  handling, 
separation,  detection,  and  data  analysis  onto  one  platform.  The  chip  relies  on 
microfluidics  and  involves  manipulation  of  tiny  amounts  of  fluids  in  microchannels 
using  microvalves.  The  test  fluid  is  injected  into  the  chip,  generally  using  an 
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Fig.  23.9  (continued) 


external  pump  or  syringe,  for  analysis.  Some  chips  have  been  designed  with  an 
integrated  electrostatically  actuated  diaphragm-type  micropump.  The  sample, 
which  can  have  volume  measured  in  nanoliters,  flows  through  microfluidic  chan- 
nels via  an  electric  potential  and  capillary  action  using  microvalves  (having  various 
designs,  including  membrane  type)  for  various  analyses.  The  fluid  is  preprocessed 
and  then  analyzed  using  a  biosensor.  Another  example  of  a  biosensor  is  the  cassette- 
type  biosensor  used  for  human  genomic  DNA  analysis;  integrated  biological 
sample  preparation  is  shown  in  Fig.  23.9b  [71].  The  implementation  of  micropumps 
and  microvalves  allows  for  fluid  manipulation  and  multiple  sample  processing  steps 
in  a  single  cassette.  Blood  or  other  aqueous  solutions  can  be  pumped  into  the 
system,  where  various  processes  are  performed. 

Microvalves,  which  are  found  in  most  microfluidic  components  of  bioMEMS, 
can  be  classified  in  two  categories:  active  microvalves  (with  an  actuator)  for  flow 
regulation  in  microchannels  and  passive  microvalves  integrated  with  micropumps. 
Active  microvalves  consist  of  a  valve  seat  and  a  diaphragm  actuated  by  an 
external  actuator  [62,  120,  121].  Different  types  of  actuators  are  based  on  piezo- 
electric, electrostatic,  thermopneumatic,  electromagnetic,  and  bimetallic  materials, 
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Fig.  23.9  (a)  MEMS-based  biofluidic  chip,  commonly  known  as  a  lab-on-a-chip,  that  can  be  worn 
like  a  wristwatch  (after  [70]).  (b)  Cassette-type  biosensor  used  for  human  genomic  DNA  analysis 
(after  [71]).  PCR,  polymerase  chain  reaction  (c)  Multiple  examples  of  valves  and  pumps  found  in 
bioMEMS  devices.  Mechanical  check  valves,  diaphragm  micropump,  valveless  micropump,  and 
rotary  micropump 

shaped-memory  alloys,  and  solenoid  plungers.  An  example  of  an  electrostatic 
cantilever-type  active  microvalve  is  shown  in  Fig.  23.9c  [120].  Passive  microvalves 
used  in  micropumps  include  mechanical  check  valves  and  a  diffuser/nozzle 
[62,  121,  122,  123,  124].  Check  valves  consist  of  a  flap  or  membrane  that  is  capable 
of  opening  and  closing  with  changes  in  pressure;  see  Fig.  23.9c  for  schematics. 
A  diffuser/nozzle  uses  an  entirely  different  principle  and  only  works  with  the 
presence  of  a  reciprocating  diaphragm.  When  one  convergent  channel  works 
simultaneously  with  another  convergent  channel  oriented  in  a  specific  direction,  a 
change  in  pressure  is  possible. 

There  are  four  main  types  of  mechanical  micropumps,  which  include  a  dia- 
phragm micropump  that  involves  mechanical  check  valves,  valveless  rectification 
pumps  that  use  diffuser/nozzle  type  valves,  valveless  pumps  without  a  diffuser/ 
nozzle,  electrostatic  micropumps,  and  rotary  micropumps  [62,  121,  122,  123,  124]. 
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Diaphragm  micropumps  consist  of  a  reciprocating  diaphragm  which  can  be  piezo- 
electrically  driven,  working  in  synchronization  with  two  check  valves  (Fig.  23.9c) 
[123].  Electrostatic  micropumps  have  a  diaphragm  as  well,  but  it  is  driven  using  two 
electrodes  (Fig.  23.9c)  [125].  Valveless  micropumps  also  consist  of  a  diaphragm, 
which  is  piezoelectrically  driven,  but  do  not  incorporate  passive  mechanical  valves. 
Instead,  these  pumps  use  an  elastic  buffer  or  variable-gap  mechanism.  Finally,  a 
rotary  micropump  has  a  rotating  rotor  that  simply  adds  momentum  to  the  fluid  by 
the  fast  moving  action  of  the  blades  (Fig.  23.9c)  [126, 127].  Rotary  micropumps  can 
be  driven  using  an  integrated  electromagnetic  motor  or  by  the  presence  of  an 
external  electric  field.  All  of  these  micropumps  can  be  made  of  silicon  or  a  polymer 
material. 

During  the  operation  of  the  microvalves  and  micropumps  discussed  above, 
adhesion  and  friction  properties  become  important  when  contacts  occur  due  to 
relative  motion.  During  operation,  active  mechanical  microvalves  have  an  exter- 
nally actuated  diaphragm  which  comes  into  contact  with  a  valve  seat  to  restrict  fluid 
flow.  Adhesion  between  the  diaphragm  and  valve  seat  will  affect  the  operation  of 
the  microvalve.  In  the  diaphragm  micropumps,  two  passive  mechanical  check 
valves  are  incorporated  into  the  design.  Passive  mechanical  check  valves  also 
exhibit  adhesion  when  the  flap  or  membrane  comes  into  contact  with  the  valve 
seat  when  fluid  flow  is  prevented.  Adhesion  also  occurs  during  the  operation  of 
valveless  micropumps  when  the  diaphragm,  which  is  piezoelectrically  driven, 
comes  into  contact  with  the  rigid  outlet.  Finally,  adhesion  and  friction  can  also  be 
seen  during  the  operation  of  rotary  micropumps  when  the  gears  rotate  and  come 
into  contact  and  rub  against  one  another. 

If  the  adhesion  between  the  microchannel  surface  and  the  biofluid  is  high, 
biomolecules  will  stick  to  the  microchannel  surface  and  restrict  flow.  In  order  to 
facilitate  flow,  microchannel  surfaces  with  low  bioadhesion  are  required.  Fluid  flow 
in  polymer  channels  can  produce  triboelectric  surface  potential,  which  may  affect 
the  flow.  Polymers  are  known  to  generate  surface  potential,  and  the  magnitude  of 
the  potential  varies  from  one  polymer  to  another  [128,  129,  130].  Conductive  surface 
layers  on  the  polymer  channels  can  be  deposited  to  reduce  triboelectric  effects. 

As  just  mentioned,  the  microfluidic  biosensor  shown  in  Fig.  23.9a  required  the 
use  of  micropumps  and  microvalves.  For  example,  a  microdevice  with  1,000 
channels  requires  1,000  micropumps  and  2,000  microvalves,  which  makes  it 
bulky  and  poses  reliability  concerns.  Two  methods  can  be  used  for  driving  the 
flow  of  fluids  in  microchannels:  pressure  and  electrokinetic  drive.  Electrokinetic 
flow  is  based  on  the  movement  of  molecules  in  an  electric  field  due  to  their  charges. 
There  are  two  components  to  electrokinetic  flow:  electrophoresis,  which  results 
from  the  accelerating  force  due  to  the  charge  of  a  molecule  in  an  electric  field,  and 
electroosmosis,  which  uses  electrically  controlled  surface  tension  to  drive  the 
uniform  liquid  flow.  Biosensors  based  on  electrokinetic  flow  have  also  been 
developed.  In  so-called  digital-based  microfluidics,  based  on  the  electroosmosis 
process,  electrically  controlled  surface  tension  is  used  to  drive  liquid  droplets, 
thus  eliminating  the  need  for  valves  and  pumps  [131,  132].  These  microdevices 
consist  of  a  rectangular  grid  of  gold  nanoelectrodes  instead  of  micro-nanochannels. 
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Fig.  23.10    (a)  Schematic  of 
a  bioFET  sensor  (after  [73]), 
and  (b)  schematic  showing 
the  generation  of  friction  and 
wear  points  due  to  interaction 
of  implanted  biomolecule 
layer  on  a  biosensor  with 
living  tissue  (after  [133]) 
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An  externally  applied  electric  field  enables  manipulation  of  a  few  nanoliter  samples 
through  the  capillary  circuitry. 

An  example  of  a  microarray-type  biosensor  (under  development  in  our  laboratory) 
is  based  on  a  field-effect  transistor  (FET)  and  is  shown  in  Fig.  23.10a  [73,  134]. 
FETs  are  sensitive  to  the  electrical  field  produced  due  to  the  charge  at  the  surface 
of  the  gate  insulator.  In  this  sensor,  the  gate  metal  electrode  of  a  metal-oxide- 
semiconductor  field-effect  transistor  (MOSFET)  is  removed  and  replaced  with  a 
protein  (receptor  layer)  whose  cognate  is  the  analyte  (e.g.,  virus  or  bacteria)  that  is 
meant  to  be  sensed.  Various  proteins  may  have  1-25  (positive  or  negative)  charges 
per  molecule.  The  binding  of  the  receptor  layer  with  the  analyte  produces  a  change 
in  the  effective  charge,  which  creates  a  change  in  the  electrical  field.  This  electrical 
field  change  may  produce  a  measurable  change  in  the  current  flow  through  the 
device.  Adhesion  between  the  protein  layer  and  silica  substrate  affect  the  reliability 
of  the  biosensor.  In  the  case  of  implanted  biosensors,  they  come  into  contact  with 
exterior  environment,  such  as  tissues  and  fluids,  and  any  relative  motion  of  the 
sensor  surface  with  respect  to  the  exterior  environment,  such  as  tissues  or  fluids, 
may  result  in  surface  damage.  A  schematic  of  friction  and  wear  points  of  genera- 
tion, when  an  implanted  biosensor  surface  comes  into  contact  with  a  living  tissue,  is 
shown  in  Fig.  23.10b  [133].  The  friction,  wear,  and  adhesion  of  the  biosensor 
surface  may  be  critical  in  these  applications  [73,  133,  135,  136]. 
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Fig.  23.11    Schematic  of  two 
designs  for  polymer 
bioMEMS  structures  to 
measure  cellular  forces  (after 
[137]) 
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Polymer  bioMEMS  are  designed  to  measure  cellular  surfaces.  Two  examples  are 
shown  in  Fig.  23.1 1  [137].  The  device  on  the  left  shows  cantilevers  anchored  at  the 
periphery  of  the  circular  structure,  while  the  device  on  the  right  has  cantilevers 
anchored  at  the  two  corners  on  the  top  and  the  bottom.  The  cell  adheres  to  the  center 
of  the  structure,  and  the  contractile  forces  generated  in  the  cell's  cytoskeleton  cause 
the  cantilever  to  deflect.  The  deflection  of  the  compliant  polymer  cantilevers  is 
measured  optically  and  related  to  the  magnitude  of  the  forces  generated  by  the  cell. 
Adhesion  between  cells  and  the  polymer  beam  is  desirable.  In  order  to  design  the 
sensors,  micro-  and  nanoscale  mechanical  properties  of  polymer  structures  are 
needed. 


BioNEMS 


Micro-nanofiuidic  devices  provide  a  powerful  platform  for  electrophoretic  separa- 
tions for  a  variety  of  biochemical  and  chemical  analysis.  Electrophoresis  is  a 
versatile  analytical  method  which  is  used  for  separation  of  small  ions,  neutral 
molecules,  and  large  biomolecules.  Figure  23.12  shows  an  interdigitated  micro- 
nanofiuidic  silicon  array  with  nanochannels  for  a  separation  process.  Figure  23.13a 
shows  a  schematic  of  an  implantable,  immunoisolation  submicroscopic  biocapsule, 
aimed  at  drug  delivery  in  order  to  treat  significant  medical  conditions  such  as  type  I 
diabetes  [77,  78].  The  purpose  of  the  immunoisolation  biocapsule  is  to  create  an 
implantable  device  capable  of  supporting  foreign  living  cells  that  can  be  trans- 
planted into  humans.  It  is  a  silicon  capsule  consisting  of  two  nanofabricated 
membranes  bonded  together  with  the  drug  (e.g.,  encapsulated  insulin-producing 
islet  cells)  contained  within  the  cavities  for  long-term  delivery.  The  pores  or 
nanochannels  in  a  semipermeable  membrane  as  small  as  6  nm  are  used  as  flux 
regulators  for  long-term  release  of  drugs.  The  nanomembrane  also  protects  thera- 
peutic substances  from  attack  by  the  body's  immune  system.  The  pores  are  large 
enough  to  provide  the  flow  of  nutrients  (e.g.,  glucose  molecules)  and  drug  (e.g., 
insulin),  but  small  enough  to  block  natural  antibodies.  Antibodies  have  the  capabil- 
ity to  penetrate  any  orifice  >18  nm.  The  50  nm  pores  in  silicon  were  etched  by 
using  sacrificial-layer  lithography,  described  in  Appendix  [78]. 
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Fig.  23.12    Interdigitated 
micro-nanofluidic  silicon 
array  for  a  separation  process 
(after  [134,138]) 


Interdigitated  micro-/nanofluidic  array 

-Nanochannels  for  separation  process 


Exploded  view  of  silicon  nanochannels 


The  main  reliability  concerns  in  the  micro-nanofluidic  silicon  array  and  implant- 
able biocapsules  are  biocompatibility  and  potential  biofouling  (undesirable  accu- 
mulation of  microorganisms)  of  the  channels/membrane  due  to  protein  and 
cell  adsorption  from  biological  fluids.  Biofouling  can  also  result  in  clogging  of 
the  nanochannels/nanopores,  which  could  potentially  render  the  device  ineffective. 
The  adhesion  of  proteins  and  cells  to  an  implanted  device  can  also  cause  detrimental 
results  such  as  inflammation  and  excessive  fibrosis.  Deposition  of  self-assembled 
monolayers  of  selected  organic  molecules  onto  the  channels  of  the  implants,  which 
makes  them  hydrophobic,  presents  an  innovative  solution  to  combat  the  adverse 
effects  of  biological  fluids  [138,  139,  140,  141]. 

Figure  23.13b  shows  a  conceptual  model  of  an  intravascular  drug-delivery 
device:  nanoparticles  used  to  search  and  destroy  disease  (tumor)  cells  [79].  (The 
tumor  cells  have  one  or  two  orders  of  magnitude  higher  density  of  receptors  than 
normal  cells  and  lower  pH.  Some  receptors  are  only  expressed  on  tumor  cells.) 
With  lateral  dimensions  of  1  um  or  less,  the  particles  are  smaller  than  any  blood 
cells.  These  particles  can  be  injected  into  the  blood  stream  and  travel  freely  through 
the  circulatory  system.  In  order  to  direct  these  drug-delivery  nanoparticles  to  cancer 
sites,  their  external  surfaces  are  chemically  modified  to  carry  molecules  that  have 
lock-and-key  binding  specificity  with  molecules  that  support  a  growing  cancer 
mass.  As  the  particles  come  into  close  proximity  with  diseased  cells,  the  ligands 
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Fig.  23.13  Schematics  of  (a)  implantable,  immunoisolation  submicroscopic  biocapsules  (drug- 
delivery  device)  (after  [78]),  and  (b)  intravascular  nanoparticles  for  search  and  destroy  of  diseased 
blood  cells  (after  [79]) 


on  the  particle  surfaces  attach  to  the  receptors  on  the  cells.  As  soon  as  the  particles 
dock  onto  the  cells,  a  compound  is  released  that  forms  a  pore  on  the  membrane  of 
the  cells,  which  leads  to  cell  death  and  ultimately  to  that  of  the  cancer  mass  that  was 
being  nourished  by  the  blood  vessel.  The  adhesive  interactions  are  regulated  by 
specific  (ligand-receptor  binding)  and  nonspecific  (short-range  van  der  Waals, 
electrostatic,  and  steric)  interactions  [142].  Adhesion  between  nanoparticles  and 
disease  cells  is  required.  Furthermore,  the  particles  should  travel  close  to  the 
endothelium  lining  of  vascular  arteries  to  facilitate  the  interaction  between  the 
particles  and  diseased  cells.  Decuzzi  et  al.  [142]  analyzed  the  marginatum  of  a 
particle  circulating  in  the  blood  stream  and  calculated  the  speed  and  time  for 
margination  (drifting  of  particles  towards  the  blood  vessel  walls)  as  a  function  of 
the  density  and  diameter  of  the  particle,  based  on  various  forces  present  between  the 
circulating  particle  and  the  endothelium  lining.  Human  capillaries  can  have  radii  as 
small  as  4-5  um.  They  reported  that  particles  used  for  drug  delivery  should  have  a 
radius  smaller  than  a  critical  value  in  the  range  of  100  nm.  Recent  studies  show  that 
a  lateral  force  on  the  particles  assists  them  in  faster  margination  towards  the 
endothelium  walls.  Thus,  nonspherical  particles  are  more  desirable. 
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Fig.  23.14    SEM  micrograph 
of  SWNT  biosensor;  bottom 
schematic  shows  adsorption 
of  protein  molecules  to  the 
SWNT  (after  [1]) 


SWNT  biosensor 


Because  of  their  unique  mechanical  and  electrical  properties,  single-  and  multi- 
walled  carbon  nanotubes  (SWNT  and  MWNT)  are  being  used  for  thermal  manage- 
ment of  high-power  devices,  reinforced  composites  and  superstrong  fiber  and 
sheets,  chemical  and  biological  sensors,  electromechanical  devices,  field-emission 
devices,  and  molecular  electronics  and  computing  [51,  143].  Figure  23.14  shows  a 
SWNT  biosensor  [1].  The  conductance  of  carbon  nanotube  (CNT)  devices  changes 
when  proteins  adsorb  on  the  surface.  The  change  in  electrical  resistance  is  a 
measure  of  protein  adsorption.  For  high  performance,  adhesion  should  be  strong 
between  the  adsorbent  and  SWNT. 

In  summary,  adhesion,  stiction/friction,  and  wear  clearly  limit  the  lifetimes 
and  compromise  the  performance  and  reliability  of  MEMS/NEMS  and  bio- 
MEMS/bioNEMS.  Figure  23.15a  summarizes  the  tribological  problems  encoun- 
tered in  some  of  the  MEMS,  MOEMS,  RF-MEMS,  and  bioMEMS  devices  just 
discussed. 


Microfabrication  Processes 


In  addition  to  in-use  stiction,  stiction  issues  are  also  present  in  some  processes 
used  for  the  fabrication  of  MEMS/NEMS.  For  example,  the  last  step  in  surface 
micromachining  involves  the  removal  of  sacrificial  layer(s),  called  release  since  the 
microstructures  are  released  from  the  surrounding  sacrificial  layer(s).  Release  is 
accomplished  by  an  aqueous  chemical  etch,  rinsing,  and  drying  processes.  Due  to 
meniscus  effects  as  a  result  of  wet  processes,  suspended  structures  can  sometimes 
collapse  and  permanently  adhere  to  the  underlying  substrate,  as  shown  in 
Fig.  23.15b  [144].  Adhesion  is  caused  by  water  molecules  adsorbed  on  the  adhering 
surfaces  and/or  because  of  formation  of  adhesive  bonds  by  silica  residues  that 
remain  on  the  surfaces  after  the  water  has  evaporated.  This  so-called  release  stiction 
is  overcome  by  using  dry  release  methods,  such  as  CO2  critical-point  drying  or 
sublimation  drying  [145].  CO2  at  high  pressure  is  in  a  supercritical  state  and 
becomes  liquid.  Liquid  CO2  is  used  to  remove  wet  etchant,  and  then  it  is  converted 
back  to  gas  phase. 


23     MEMS/NEMS  and  BioMEMS/BioNEMS:  Materials,  Devices,  and  Biomimetics 


859 


RF  Field  Source 

micro-        insulator        metal 
switch         (SiO,)  (Al) 


Receptor 
biological 
molecules 


p"  Si 

Substrate 


n+-source     Gate  n+-drain 

insulator  (SiO,) 


C       Flexible 
metal  bridge 


Top  view 


Stiction  and  wear 


Highly  resistive  substrate 


Side  view 


b     -.: :-,- 


Unreleased  beam 

Rinse  liquid 


-**>-&h     \Z]  Silicon 

3]  Polysilicon 

3  Sacrificial 
material 


Released  beam  before  drying 


Released  beam  collapsed  to  substrate 
due  to  meniscus  forces  during  drying 


Fig.  23.15    (a)  Summary  of  tribological  issues  in  MEMS,  MOEMS,  RF-MEMS,  and  bioMEMS 
device  operation  (after  [73,139]),  and  (b)  in  microfabrication  by  surface  micromachining 


Tribological  Needs 


Various  MEMS/NEMS  are  designed  to  perform  expected  functions  in  millisecond 
to  picosecond  range.  The  expected  life  of  the  devices  for  high-speed  contacts 
can  vary  from  a  few  hundred  thousand  to  many  billions  of  cycles,  e.g.,  over  a 
hundred  billion  cycles  for  DMDs,  which  places  stringent  requirements  on  materials 
[13,  94,  146,  147,  148,  149].  Adhesion  between  a  biological  molecular  layer  and 
the  substrate  (referred  to  as  bioadhesion),  reduction  of  friction  and  wear  of 
biological  layers,  biocompatibility,  and  biofouling  for  bioMEMS/bioNEMS  are 
important.  Most  mechanical  properties  are  known  to  be  scale  dependent  [150]. 
The  properties  of  nanoscale  structures  need  to  be  measured  [151].  There  is  a  need 
for  the  development  of  fundamental  understanding  of  adhesion,  friction/stiction, 
wear,  and  the  role  of  surface  contamination  and  environment  [13].  MEMS/NEMS 
materials  need  to  possess  good  mechanical  and  tribological  properties  on  the 
micro-nanoscale.  There  is  a  need  to  develop  lubricants  and  identify  lubrication 
methods  that  are  suitable  for  MEMS/NEMS.  Methods  need  to  be  developed  to 
enhance  adhesion  between  biomolecules  and  the  device  substrate,  referred  to  as 
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bioadhesion.  Component-level  studies  are  required  to  provide  better  understanding 
of  the  tribological  phenomena  occurring  in  MEMS/NEMS. 

The  emergence  of  the  field  of  nanotribology  and  nanomechanics,  and  atomic- 
force  microscopy-based  techniques,  has  provided  researchers  with  a  viable  approach 
to  address  these  problems  [46,  47,  84,  152,  153,  154,  155].  This  chapter  presents  an 
overview  of  nanoscale  adhesion,  friction,  and  wear  studies  of  materials  and  lubrica- 
tion for  MEMS/NEMS  and  bioMEMS/bioNEMS,  and  component-level  studies  of 
stiction  phenomena  in  MEMS/NEMS  devices.  The  emerging  field  of  biomimetics 
holds  promise  for  the  development  of  biologically  inspired  nanomaterials  and 
nanotechnology  products  [156].  One  example  includes  the  design  of  roughness 
induced  surfaces  with  superhydrophobicity,  self-cleaning,  and  low  adhesion  based 
on  the  so-called  lotus  effect.  An  overview  of  hierarchical  nanostructured  surfaces 
with  superhydrophobicity,  self-cleaning,  and  low  adhesion  is  also  presented. 


23.2     Nanotribology  and  Nanomechanics  Studies 
of  Silicon  and  Related  Materials 

Materials  of  most  interest  for  planar  fabrication  processes  using  silicon  as  the 
structural  material  are  undoped  and  boron-doped  (p+-type)  single-crystal  silicon 
for  bulk  micromachining,  and  phosphorus  (n+-type)  doped  and  undoped  low- 
pressure  chemical  vapor  deposition  (LPCVD)  polysilicon  films  for  surface  micro- 
machining.  Since  silicon-based  devices  lack  high-temperature  capabilities  with 
respect  to  both  mechanical  and  electrical  properties,  SiC  is  being  developed  as  a 
structural  material  for  high-temperature  microsensor  and  microactuator  applica- 
tions [157,  158].  SiC  can  also  be  desirable  for  high-frequency  micromechanical 
resonators,  in  the  GHz  range,  because  of  its  high  modulus  of  elasticity  to  density 
ratio  and  consequently  high  resonance  frequency.  Table  23.2  compares  selected 
bulk  properties  of  SiC  and  Si(100).  Researchers  have  found  low-cost  techniques  of 
producing  single-crystalline  3C-SiC  (cubic  or  /?-SiC)  films  via  epitaxial  growth  on 
large-area  silicon  substrates  for  bulk  micromachining  [161]  and  polycrystalline 
3C-SiC  films  on  polysilicon  and  silicon  dioxide  layers  for  surface  micromachining 
of  SiC  [162].  Single-crystalline  3C-SiC  piezoresistive  pressure  sensors  have  been 
fabricated  using  bulk  micromachining  for  high-temperature  gas-turbine  applica- 
tions [163].  Surface-micromachined  polycrystalline  SiC  micromotors  have  been 

Table  23.2    Selected  bulk  properties"  of  3C  (/J-  or  cubic)  SiC  and  Si(100) 


Sample 

Density 

Hardness 

Elastic 

Fracture 

Thermal 

Coeff.  of 

Melting 

Bandgap 

(kg/ra3) 

(GPa) 

modulus 

toughness 

conductivity 

thermal 

point 

(eV) 

(GPa) 

(MPa  m1/2) 

(W/(m  K)) 

expansion13 
(xl0"6K_1 

(X) 

) 

/?-SiC 

3,210 

23.5-26.5 

440 

4.6 

85-260 

4.5-6 

2,830 

2.3 

Si(100) 

2,330 

9-10 

130 

0.95 

155 

2^1.5 

1,410 

1.1 

"Unless  otherwise  stated,  data  shown  were  obtained  from  [159] 
bObtained  from  [160] 
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fabricated  and  have  been  reported  to  provide  satisfactory  operation  at  high  tem- 
peratures [164]. 

As  will  be  shown,  bare  silicon  exhibits  inadequate  tribological  performance  and 
needs  to  be  coated  with  a  solid  and/or  liquid  overcoat  or  be  surface  treated  (e.g., 
oxidation  and  ion  implantation,  commonly  used  in  semiconductor  manufacturing), 
which  reduces  friction  and  wear.  SiC  films  exhibit  good  tribological  performance. 
Both  macroscale  and  microscale  tribological  properties  of  virgin  and  treated/coated 
silicon,  polysilicon  films,  and  SiC  are  presented  next. 


23.2.1     Virgin  and  Treated/Coated  Silicon  Samples 

Nanotribological  and  Nanomechanical  Properties  of  Silicon  and  Effect 
of  Ion  Implantation 

Friction  and  wear  of  single-crystalline  and  polycrystalline  silicon  samples  have 
been  studied,  and  the  effect  of  ion  implantation  with  various  doses  of  C+,  B+,  N2+, 
and  Ar+  ion  species  at  200  keV  energy  to  improve  their  friction  and  wear  properties 
has  been  studied  [165,  166,  167].  The  coefficient  of  macroscale  friction  and  the 
wear  factor  of  virgin  single-crystal  silicon  and  C+-implanted  silicon  samples  as  a 
function  of  ion  dose  are  presented  in  Fig.  23.16  [165].  The  macroscale  friction  and 
wear  tests  were  conducted  using  a  ball-on-flat  tribometer.  Each  data  bar  represents 
the  average  value  of  four  to  six  measurements.  The  coefficient  of  friction  and  wear 
factor  for  bare  silicon  are  very  high  and  decrease  drastically  with  ion  dose.  Silicon 
samples  bombarded  with  an  ion  dose  above  101  C+  cm-  exhibit  extremely  low 
values  of  coefficient  of  friction  (typically  0.03-0.06  in  air)  and  wear  factor  (reduced 
by  as  much  as  four  orders  of  magnitude).  Gupta  et  al.  [165]  reported  that  a  decrease 
in  the  coefficient  of  friction  and  wear  factor  of  silicon  as  a  result  of  C+  ion 
bombardment  occurred  because  of  the  formation  of  silicon  carbide  rather  than 
amorphization  of  silicon.  Gupta  et  al.  [166]  also  reported  an  improvement  in 
friction  and  wear  with  B+  ion  implantation. 

Microscale  friction  measurements  were  performed  using  an  atomic  force/ 
friction  force  microscope  (AFM/FFM)  [46,  47,  84,  153].  Table  23.3  presents  values 
of  surface  roughness  and  coefficients  of  macroscale  and  microscale  friction  for 
virgin  and  doped  silicon.  There  is  a  decrease  in  the  coefficients  of  microscale  and 
macroscale  friction  values  as  a  result  of  ion  implantation.  When  measured  for  the 
small  contact  areas  and  very  low  loads  used  in  microscale  studies,  indentation 
hardness  and  elastic  modulus  are  higher  than  at  the  macroscale.  This,  added  to  the 
effect  of  the  small  apparent  area  of  contact  reducing  the  number  of  trapped  particles 
on  the  interface,  results  in  less  plowing  contribution  and  lower  friction  in  the  case  of 
microscale  friction  measurements.  Results  of  microscale  wear  resistance  studies 
of  ion-implanted  silicon  samples  studied  using  a  diamond  tip  in  an  AFM  [168] 
are  shown  in  Fig.  23.17a,  b.  For  tests  conducted  at  various  loads  on  Si(lll)  and 
C+-implanted  Si(l  1 1),  it  is  noted  that  the  wear  resistance  of  the  implanted  sample  is 
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Fig.  23.16    Influence  of  ion 
doses  on  the  coefficient  of 
friction  and  wear  factor 
on  C+-ion  bombarded 
single-crystal  and 
polycrystalline  silicon 
slid  against  an  alumina  ball. 
V  corresponds  to  virgin 
single-crystal  silicon, 
while  S  and  P  denote  tests 
for  doped  single-  and 
polycrystalline  silicon, 
respectively  (after  [165]) 
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Table  23.3    Surface  roughness  and  micro-  and  macroscale  coefficients  of  friction  of  selected 
samples 


Material 


RMS  roughness 
(nm) 


Coefficient  of  microscale 
friction" 


Coefficient  of  macroscale 
friction 


Si(lll) 
C+-implanted 
Si(lll) 


0.11 
0.33 


0.03 
0.02 


0.33 
0.18 


"Versus  Si3N4  tip,  tip  radius  of  50  nm  in  the  load  range  of  10-150  nN  (2.5-6.1  GPa)  at  a  scanning 
speed  of  5  um/s  over  a  scan  area  of  1  nm  x  1  um  in  an  AFM 

bVersus  Si3N4  ball,  ball  radius  of  3  mm  at  a  normal  load  of  0. 1  N  (0.3  GPa)  at  an  average  sliding 
speed  of  0.8  mm/s  using  a  tribometer 


slightly  poorer  than  that  of  virgin  silicon  up  to  ss  80  uN.  Above  80  (iN,  the  wear 
resistance  of  implanted  Si  improves.  As  one  continues  to  run  tests  at  40  uN  for  a 
larger  number  of  cycles,  the  implanted  sample,  which  forms  hard  and  tough  silicon 
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Fig.  23.17    Wear  depth  as  a 
function  of  (a)  load  (after  one 
cycle),  and  (b)  cycles  (normal 
load  =  40mN)forSi(lll) 
and  C+-implanted  Si(lll). 
(c)  Nanohardness  and  normal 
load  as  functions  of 
indentation  depth  for  virgin 
and  C+-implanted  Si(lll) 
(after  [168]) 
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carbide,  exhibits  higher  wear  resistance  than  the  unimplanted  sample.  Damage  from 
the  implantation  in  the  top  layer  results  in  poorer  wear  resistance;  however,  the 
implanted  zone  at  the  subsurface  is  more  wear  resistant  than  the  virgin  silicon. 

Hardness  values  of  virgin  and  C+-implanted  Si(lll)  at  various  indentation 
depths  (normal  loads)  are  presented  in  Fig.  23.17c  [168].  The  hardness  at  a  small 
indentation  depth  of  2.5  nm  is  16.6  GPa,  and  it  drops  to  a  value  of  11.7  GPa  at  a 
depth  of  7  nm  and  a  normal  load  of  100  (J.N.  Higher  hardness  values  obtained  in 
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low-load  indentation  may  arise  from  the  observed  pressure-induced  phase  transfor- 
mation during  nanoindentation  [169,  170].  Additional  increase  in  the  hardness  at  an 
even  lower  indentation  depth  of  2.5  nm  reported  here  may  arise  from  the  contribu- 
tion of  complex  chemical  films  (not  from  native  oxide  films)  present  on  the  silicon 
surface.  At  small  volumes  there  is  a  lower  probability  of  encountering  material 
defects  (dislocations,  etc.).  Furthermore,  according  to  the  strain  gradient  plasticity 
theory  advanced  by  Fleck  et  al.  [171],  large  strain  gradients  inherent  to  small 
indentations  lead  to  the  accumulation  of  geometrically  necessary  dislocations  that 
cause  enhanced  hardening.  These  are  some  of  the  plausible  explanations  for  an 
increase  in  hardness  at  smaller  volumes.  If  the  silicon  material  were  to  be  used  at 
very  light  loads,  such  as  in  microsystems,  the  high  hardness  of  surface  films  would 
protect  the  surface  until  it  is  worn. 

From  Fig.  23.17c,  the  hardness  value  of  C+-implanted  Si(l  1 1)  at  normal  load  of 
50  u.N  is  20.0  GPa  for  an  indentation  depth  of  «  2  nm,  which  is  comparable  to  the 
hardness  value  of  19.5  GPa  at  70  u.N,  whereas  the  measured  hardness  value  for 
virgin  silicon  at  an  indentation  depth  of  w  7  nm  (normal  load  of  100  u.N)  is  only 
«  1 1 .7  GPa.  Thus,  ion  implantation  with  C+  results  in  an  increase  in  hardness  in 
silicon.  Note  that  the  surface  layer  of  the  implanted  zone  is  much  harder  compared 
with  the  subsurface  and  may  be  brittle,  leading  to  higher  wear  on  the  surface.  The 
subsurface  of  the  implanted  zone  (SiC)  is  harder  than  the  virgin  silicon,  resulting  in 
higher  wear  resistance,  which  is  also  observed  in  the  results  of  macroscale  tests 
conducted  at  high  loads. 


Effect  of  Oxide  Films  on  Nanotribological  Properties  of  Silicon 

Macroscale  friction  and  wear  experiments  have  been  performed  using  a  magnetic 
disk  drive  with  bare,  oxidized,  and  implanted  pins  sliding  against  amorphous- 
carbon-coated  magnetic  disks  lubricated  with  a  thin  layer  of  perfluoropolyether 
lubricant  [172,  173,  174,  175].  Representative  profiles  for  the  variation  of  the 
coefficient  of  friction  with  number  of  sliding  cycles  for  an  Al203-TiC  slider  and 
bare  and  dry-oxidized  silicon  pins  are  shown  in  Fig.  23.18.  For  bare  Si(lll),  after 
an  initial  increase  in  the  coefficient  of  friction,  it  drops  to  a  steady  state  value  of  0.1, 
as  seen  in  Fig.  23.18.  The  rise  in  the  coefficient  of  friction  for  the  Si(lll)  pin  is 
associated  with  the  transfer  of  amorphous  carbon  from  the  disk  to  the  pin  and 
oxidation-enhanced  fracture  of  pin  material,  followed  by  tribochemical  oxidation  of 
the  transfer  film,  while  the  drop  is  associated  with  the  formation  of  a  transfer 
coating  on  the  pin.  Dry-oxidized  Si(lll)  exhibits  excellent  characteristics,  and  no 
significant  increase  was  observed  over  500  cycles  (Fig.  23.18).  This  behavior  has 
been  attributed  to  the  chemical  passivity  of  the  oxide  and  the  lack  of  transfer  of 
diamond-like  carbon  (DLC)  from  the  disk  to  the  pin.  The  behavior  of  PECVD  oxide 
(data  are  not  presented  here)  was  comparable  to  that  of  dry  oxide,  but  for  the  wet 
oxide  there  was  some  variation  in  the  coefficient  of  friction  (0.26-0.4).  The 
difference  between  the  dry  and  wet  oxide  was  attributed  to  increased  porosity  of 
the  wet  oxide   [172].   Since  tribochemical  oxidation  was  determined  to  be  a 
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Fig.  23.18    Coefficient  of 
friction  as  a  function  of 
number  of  sliding  revolutions 
in  ambient  air  for  a  Si(l  1 1) 
pin  in  ambient  air  and  dry 
nitrogen,  and  a  dry-oxidized 
silicon  pin  in  ambient  air 
(after  [172]) 
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significant  factor,  experiments  were  conducted  in  dry  nitrogen  [173,  174].  The 
variation  of  the  coefficient  of  friction  for  a  silicon  pin  sliding  against  a  thin-film 
disk  in  dry  nitrogen  is  shown  in  Fig.  23.18.  It  is  seen  that,  in  a  dry  nitrogen 
environment,  the  coefficient  of  friction  of  Si(l  11)  sliding  against  a  disk  decreased 
from  an  initial  value  of  about  0.2-0.05  with  continued  sliding.  Based  on  SEM  and 
chemical  analysis,  this  behavior  has  been  attributed  to  the  formation  of  a  smooth 
amorphous-carbon/lubricant  transfer  patch  and  suppression  of  oxidation  in  a  dry 
nitrogen  environment.  Based  on  macroscale  tests  using  disk  drives,  it  is  found  that 
the  friction  and  wear  performance  of  bare  silicon  is  not  adequate.  With  dry-oxidized 
or  PECVD  SiC>2-coated  silicon,  no  significant  friction  increase  or  interfacial 
degradation  was  observed  in  ambient  air. 

Table  23.4  and  Fig.  23.19  show  surface  roughness,  microscale  friction,  and 
scratch  data,  and  nanoindentation  hardness  for  the  various  silicon  samples  [168]. 
Scratch  experiments  were  performed  using  a  diamond  tip  in  an  AFM.  Results 
on  polysilicon  samples  are  also  shown  for  comparison.  Coefficients  of  micro- 
scale  friction  values  for  all  the  samples  are  about  the  same.  These  samples  could 
be  scratched  at  a  10  |.tN  load.  Scratch  depth  increased  with  normal  load.  Crystalline 
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Table  23.4    RMS,  microfriction,  microscratching/microwear,  and  nanoindentation  hardness  data 
for  various  virgin,  coated,  and  treated  silicon  samples 


Material 

RMS 

Coefficient 

Scratch 

Wear 

Nanohardness0 

roughness3 

of 

depth0  at 

depth0  at 

at  100  uN 

(nm) 

microscale 

40  uN 

40  uN 

(GPa) 

friction 

(nm) 

(nm) 

Si(lll) 

0.11 

0.03 

20 

27 

11.7 

Si(llO) 

0.09 

0.04 

20 

- 

- 

Si(100) 

0.12 

0.03 

25 

- 

- 

Polysilicon 

1.07 

0.04 

18 

- 

- 

Polysilicon  (lapped) 

0.16 

0.05 

18 

25 

12.5 

PECVD-oxide  coated  Si(lll) 

1.50 

0.01 

8 

5 

18.0 

Dry-oxidized  Si( 111) 

0.11 

0.04 

16 

14 

17.0 

Wet-oxidized  Si(l  11) 

0.25 

0.04 

17 

18 

14.4 

C+-implantedSi(lll) 

0.33 

0.02 

20 

23 

18.6 

"Scan  size  of  500  nm  x  500  nm  using  AFM 

Versus  Si3N4  tip  in  AFM/FFM,  radius  50  nm;  at  1  urn  x  1  um  scan  size 
°Measured  using  an  AFM  with  a  diamond  tip  of  radius  of  100  nm 


Fig.  23.19    Scratch  depth  as  a 
function  of  normal  load  after 
ten  cycles  for  various  silicon 
samples:  virgin,  treated,  and 
coated  (after  [168]) 
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orientation  of  silicon  has  little  influence  on  scratch  resistance  because  natural 
oxidation  of  silicon  in  ambient  masks  the  expected  effect  of  crystallographic 
orientation.  PECVD-oxide  samples  showed  the  best  scratch  resistance,  followed 
by  dry-oxidized,  wet-oxidized,  and  ion-implanted  samples.  Ion  implantation  with 
C+  does  not  appear  to  improve  scratch  resistance. 

Wear  data  on  the  silicon  samples  are  also  presented  in  Table  23.4  [168]. 
PECVD-oxide  samples  showed  superior  wear  resistance  followed  by  dry-oxidized, 
wet-oxidized,  and  ion-implanted  samples.  This  agrees  with  the  trends  seen  in 
scratch  resistance.  In  PECVD,  ion  bombardment  during  the  deposition  improves 
the  coating  properties  such  as  suppression  of  columnar  growth,  freedom  from 
pinhole,  decrease  in  crystalline  size,  and  increase  in  density,  hardness,  and  sub- 
strate-coating adhesion.  These  effects  may  help  in  improving  the  mechanical 
integrity  of  the  sample  surface.  Coatings  and  treatments  improved  the  nanohardness 
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of  silicon.  Note  that  dry-oxidized  and  PECVD  films  are  harder  than  wet-oxidized 
films  as  these  films  may  be  porous.  High  hardness  of  oxidized  films  may  be 
responsible  for  the  measured  high  scratch/wear  resistance. 


23.2.2    Nanotribological  and  Nanomechanical  Properties 
of  Poly  silicon  Films  and  SiC  Film 

Studies  have  also  been  conducted  on  undoped  polysilicon  film,  heavily  doped  (n+- 
type)  polysilicon  film,  heavily  doped  (p+-type)  single-crystal  Si(100),  and  3C-SiC 
(cubic  or  (S-SiC)  film  [176,  177,  178].  The  polysilicon  films  studied  here  are 
different  from  the  ones  discussed  previously. 

Table  23.5  presents  a  summary  of  the  tribological  studies  conducted  on  poly- 
silicon and  SiC  films.  Values  for  single-crystal  silicon  are  also  shown  for  compari- 
son. Polishing  of  the  as-deposited  polysilicon  and  SiC  films  drastically  affect  the 
roughness  as  the  values  reduce  by  two  orders  of  magnitude.  Si(100)  appears  to  be 
the  smoothest,  followed  by  polished  undoped  polysilicon  and  SiC  films,  which  have 
comparable  roughness.  The  doped  polysilicon  film  shows  higher  roughness  than  the 
undoped  sample,  which  is  attributed  to  the  doping  process.  Polished  SiC  film  shows 
the  lowest  friction,  followed  by  polished  and  undoped  polysilicon  film,  which 
strongly  supports  the  candidacy  of  SiC  films  for  use  in  MEMS/NEMS  devices. 
Macroscale  friction  measurements  indicate  that  SiC  film  exhibits  one  of  the  lowest 
friction  values  as  compared  with  the  other  samples.  Doped  polysilicon  sample 
shows  low  friction  on  the  macroscale  as  compared  with  the  undoped  polysilicon 
sample,  possibly  due  to  the  doping  effect. 

Figure  23.20a  shows  a  plot  of  scratch  depth  versus  normal  load  for  various 
samples  [176,  177].  Scratch  depth  increases  with  increasing  normal  load.  Figure 
23.21  shows  three-dimensional  (3-D)  AFM  maps  and  averaged  two-dimensional 
(2-D)  profiles  of  the  scratch  marks  on  the  various  samples.  It  is  observed  that 
scratch  depth  increases  almost  linearly  with  normal  load.  Si(100)  and  the  doped 
and  undoped  polysilicon  film  show  similar  scratch  resistance.  From  the  data,  it  is 
clear  that  the  SiC  film  is  much  more  scratch  resistant  than  the  other  samples.  Figure 
23.20b  shows  results  from  microscale  wear  tests  on  the  various  films.  For  all  the 
materials,  the  wear  depth  increases  almost  linearly  with  increasing  number  of 
cycles.  This  suggests  that  the  material  is  removed  layer  by  layer  in  all  the  materials. 
Here  also,  SiC  film  exhibits  lower  wear  depths  than  the  other  samples.  Doped 
polysilicon  film  wears  less  than  the  undoped  film.  Higher  fracture  toughness  and 
higher  hardness  of  SiC  as  compared  with  Si(100)  is  responsible  for  its  lower  wear. 
Also  the  higher  thermal  conductivity  of  SiC  (Table  23.2)  as  compared  with  the 
other  materials  leads  to  lower  interface  temperatures,  which  generally  results  in  less 
degradation  of  the  surface  [34,  80,  82].  Doping  of  the  polysilicon  does  not  affect  the 
scratch/wear  resistance  and  hardness  much.  The  measurements  made  on  the  doped 
sample  are  affected  by  the  presence  of  grain  boundaries.  These  studies  indicate  that 
SiC  film  exhibits  desirable  tribological  properties  for  use  in  MEMS  devices. 
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Fig.  23.20    (a)  Scratch  depths 
for  ten  cycles  as  a  function  of 
normal  load,  and  (b)  wear 
depths  as  a  function  of  normal 
load  and  as  a  function  of 
number  of  cycles  for  various 
samples  (after  [176]) 
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23.3     Lubrication  Studies  for  MEMS/NEMS 


Several  studies  of  liquid  perfluoropolyether  (PFPE)  lubricant  films,  self-assembled 
monolayers  (SAMs),  and  hard  diamond-like  carbon  (DLC)  coatings  have  been 
carried  out  for  the  purpose  of  minimizing  adhesion,  friction,  and  wear  [46,  47, 
80,  81,  82,  83,  84,  152,  153,  154,  155,  175].  Many  variations  of  these  films  are 
hydrophobic  (low  surface  tension  and  high  contact  angle)  and  have  low  shear 
strength,  which  provides  low  adhesion,  friction,  and  wear.  Relevant  details  are 
presented  below. 
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Fig.  23.21    AFM  3-D  maps  and  averaged  2-D  profiles  of  scratch  marks  on  various  samples 
(after  [176]) 


23.3.1     Perfluoropoly ether  Lubricants 


The  classical  approach  to  lubrication  uses  freely  supported  multimolecular  layers  of 
liquid  lubricants  [46,  80,  82,  84].  The  liquid  lubricants  are  sometimes  chemically 
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bonded  to  improve  their  wear  resistance.  Partially  chemically  bonded,  molecularly 
thick  perfluoropolyether  (PFPE)  lubricants  are  widely  used  for  lubrication  of 
magnetic  storage  media,  because  of  their  thermal  stability  and  extremely  low 
vapor  pressure  [34],  and  are  found  to  be  suitable  for  MEMS/NEMS  devices. 

Adhesion,  friction,  and  durability  experiments  have  been  performed  on  virgin 
Si(100)  surfaces  and  silicon  surfaces  lubricated  with  various  PFPE  lubricants 
[46,  47,  179,  180,  181,  182,  183,  184,  185].  Results  of  the  following  two  PFPE 
lubricants  will  be  presented  here:  Z-15  (with  -CF3  nonpolar  end  groups), 
CF3-0-(CF2-CF2-0)„-(CF2-0);-CF3  (m/n  «  2/3);  and  Z-DOL  (with  -OH 
polar  end  groups),  HO-CH2-CF2-0-(CF2-CF2-0)„-(CF2-0),-CF2-CH2-OH 
(m/n  ss  2/3).  Z-DOL  film  was  thermally  bonded  at  150°C  for  30  min,  and  the 
unbonded  fraction  was  removed  by  a  solvent  (fully  bonded)  [34].  The  thicknesses 
of  Z-15  and  Z-DOL  (fully  bonded)  films  were  2.8  and  2.3  nm,  respectively. 
Nanoscale  measurements  were  made  using  an  AFM.  The  adhesive  forces  of 
Si(100),  Z-15,  and  Z-DOL  (fully  bonded)  measured  by  force  calibration  plot,  and 
friction  force  versus  normal  load  plot,  are  summarized  in  Fig.  23.22.  The  results 
measured  by  these  two  methods  are  in  good  agreement.  Figure  23.22  shows  that  the 
presence  of  mobile  Z-15  lubricant  film  increases  the  adhesive  force  as  compared 


Adhesive  force  (nN) 


22  °C,  RH  45-55  % 


Si(100) 


00,.',.,,  >  /-;..      -' 
Z-15  Z-DOL  (Fully  bonded) 


Fig.  23.22  (a)  Summary  of  the  adhesive  forces  of  Si(100),  Z-15,  and  Z-DOL  (fully  bonded)  films 
measured  by  force  calibration  plots  and  friction  force  versus  normal  load  plots  in  ambient  air.  (b) 
Schematic  showing  the  effect  of  meniscus,  formed  between  the  AFM  tip  and  the  surface  sample, 
on  the  adhesive  and  friction  forces  (after  [179]) 
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with  that  of  Si(100)  by  meniscus  formation  [80,  82,  186],  whereas  the  presence  of 
solid-phase  Z-DOL  (fully  bonded)  film  reduces  the  adhesive  force  as  compared 
with  that  of  Si(100)  because  of  the  absence  of  mobile  liquid.  The  schematic 
(bottom)  in  Fig.  23.22  shows  the  relative  size  and  sources  of  meniscus.  It  is  well 
known  that  the  native  oxide  layer  (SiC^)  on  the  top  of  Si(100)  wafer  exhibits 
hydrophilic  properties,  and  some  water  molecules  can  be  adsorbed  on  this  surface. 
The  condensed  water  will  form  a  meniscus  as  the  tip  approaches  the  sample  surface. 
The  larger  adhesive  force  in  Z-15  is  not  just  caused  by  the  Z-15  meniscus;  the 
nonpolarized  Z-15  liquid  does  not  have  good  wettability  and  strong  bonding  with  Si 
(100).  Consequently,  in  the  ambient  environment,  condensed  water  molecules  from 
the  environment  permeate  through  the  liquid  Z-15  lubricant  film  and  compete  with 
the  lubricant  molecules  present  on  the  substrate.  The  interaction  of  the  liquid 
lubricant  with  the  substrate  is  weakened,  and  a  boundary  layer  of  the  liquid 
lubricant  forms  puddles  [180,  181].  This  dewetting  allows  water  molecules  to  be 
adsorbed  onto  the  Si(100)  surface  as  aggregates  along  with  Z-15  molecules,  and 
both  of  them  can  form  a  meniscus  while  the  tip  approaches  the  surface.  Thus,  the 
dewetting  of  liquid  Z-15  film  results  in  higher  adhesive  force  and  poorer  lubrica- 
tion performance.  In  addition,  as  the  Z-15  film  is  fairly  soft  compared  with  the 
solid  Si(100)  surface,  penetration  of  the  tip  into  the  film  occurs  while  pushing 
the  tip  down.  This  leads  to  a  large  area  of  the  tip  being  involved  in  forming  the 
meniscus  at  the  tip-liquid  (mixture  of  Z-15  and  water)  interface.  It  should  also  be 
noted  that  Z-15  has  a  higher  viscosity  compared  with  water,  therefore  Z-15  film 
provides  higher  resistance  to  lateral  motion  and  coefficient  of  friction.  In  the  case 
of  Z-DOL  (fully  bonded)  film,  the  active  groups  of  Z-DOL  molecules  are  mostly 
bonded  onto  Si(100)  substrate,  thus  the  Z-DOL  (fully  bonded)  film  has  low  free 
surface  energy  and  cannot  be  displaced  readily  by  water  molecules  or  readily 
adsorb  water  molecules.  Thus,  the  use  of  Z-DOL  (fully  bonded)  can  reduce  the 
adhesive  force. 

To  study  the  effect  of  relative  humidity  on  friction  and  adhesion,  the  variation  of 
friction  force,  adhesive  force,  and  coefficient  of  friction  of  Si(100),  Z-15,  and 
Z-DOL  (fully  bonded)  as  a  function  of  relative  humidity  are  shown  in  Fig.  23.23. 
It  shows  that,  for  Si(100)  and  Z-15  film,  the  friction  force  increases  with  a  relative 
humidity  increase  up  to  45%  and  then  shows  a  slight  decrease  with  further  increase 
in  relative  humidity.  Z-DOL  (fully  bonded)  has  smaller  friction  force  than  Si(100) 
and  Z-15  in  the  whole  testing  range,  and  its  friction  force  shows  an  apparent  relative 
increase  for  relative  humidity  >  45%.  For  Si(100),  Z-15,  and  Z-DOL  (fully 
bonded),  their  adhesive  forces  increase  with  relative  humidity,  and  their  coefficients 
of  friction  increase  with  a  relative  humidity  up  to  45%,  after  which  they  decrease 
with  further  increasing  of  the  relative  humidity.  It  is  also  observed  that  the  effect  of 
humidity  on  Si(100)  really  depends  on  the  history  of  the  Si(100)  sample.  As  the 
surface  of  the  Si(100)  wafer  readily  adsorbs  water  in  air,  without  any  pretreatment 
the  Si(100)  used  in  our  study  almost  reaches  its  saturated  stage  of  adsorbed  water, 
and  is  responsible  for  less  effect  during  increasing  relative  humidity.  However, 
once  the  Si(100)  wafer  was  thermally  treated  by  baking  at  150°C  for  1  h,  a  greater 
effect  was  observed. 
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Fig.  23.23  (a)  Influence  of  relative  humidity  on  the  friction  force,  adhesive  force,  and  coefficient 
of  friction  of  Si(100),  Z-15,  and  Z-DOL  (fully  bonded)  films  at  70  nN,  2  um/s,  and  in  22°C  air. 
(b)  Schematic  showing  the  change  of  meniscus  on  increasing  the  relative  humidity.  In  this  figure, 
thermally  treated  Si(100)  is  Si(100)  wafer  that  was  baked  at  150°C  for  1  h  in  an  oven  (in  order  to 
remove  the  adsorbed  water)  just  before  it  was  placed  in  the  0%  RH  chamber  (after  [179]) 


The  schematic  (right)  in  Fig.  23.23  shows  that  Si(100),  because  of  its  high  free 
surface  energy,  can  adsorb  more  water  molecules  with  increasing  relative  humidity. 
As  discussed  earlier,  for  the  Z-15  film  in  the  humid  environment,  the  condensed 
water  competes  with  the  lubricant  film  present  on  the  sample  surface,  and  interac- 
tion of  the  liquid  lubricant  film  with  the  silicon  substrate  is  weakened  and  a 
boundary  layer  of  the  liquid  lubricant  forms  puddles.  This  dewetting  allows  water 
molecules  to  be  adsorbed  onto  the  Si(100)  substrate  mixed  with  Z-15  molecules 
[180,  181].  Obviously,  more  water  molecules  can  be  adsorbed  on  the  Z-15  surface 
with  increasing  relative  humidity.  The  more  adsorbed  water  molecules  in  the  case 
of  Si(100),  along  with  lubricant  molecules  in  the  Z-15  film  case,  form  a  bigger 
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Fig.  23.24  (a)  Friction  force  versus  number  of  sliding  cycles  for  Si(100),  Z-15,  and  Z-DOL  (fully 
bonded)  films  at  70  nN,  0.4  |im/s,  and  in  ambient  air.  (b)  Schematic  (bottom)  showing  that  some 
liquid  Z-15  molecules  can  be  attached  to  the  tip.  The  molecular  interaction  between  the  molecules 
attached  to  the  tip  and  the  Z-15  molecules  in  the  film  results  in  an  increase  of  the  friction  force  on 
multiple  scanning  (after  [179]) 


water  meniscus,  which  leads  to  an  increase  of  friction  force,  adhesive  force,  and 
coefficient  of  friction  of  Si(100)  and  Z-15  with  humidity.  However,  at  very  high 
humidity  of  70%,  large  quantities  of  adsorbed  water  can  form  a  continuous  water 
layer  that  separates  the  tip  and  sample  surface,  acting  as  a  kind  of  lubricant,  which 
causes  a  decrease  in  the  friction  force  and  coefficient  of  friction.  For  Z-DOL  (fully 
bonded)  film,  because  of  its  hydrophobic  surface  properties,  water  molecules  can  be 
adsorbed  at  humidity  >  45%  and  cause  an  increase  in  the  adhesive  force  and 
friction  force. 

To  study  the  durability  of  lubricant  films  at  the  nanoscale,  the  friction  force  of  Si 
(100),  Z-15,  and  Z-DOL  (fully  bonded)  as  a  function  of  the  number  of  scanning 
cycles  is  shown  in  Fig.  23.24.  As  observed  earlier,  the  friction  force  of  Z-15  is 
higher  than  that  of  Si(100),  with  the  lowest  values  for  Z-DOL(fully  bonded). 
During  cycling,  the  friction  force  of  Si(100)  shows  a  slight  decrease  during  the 
initial  few  cycles,  then  remains  constant.  This  is  related  to  the  removal  of  the  top 
adsorbed  layer.  In  the  case  of  the  Z-15  film,  the  friction  force  shows  an  increase 
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during  the  initial  few  cycles  and  then  approaches  higher  and  stable  values.  This  is 
believed  to  be  caused  by  attachment  of  the  Z-15  molecules  to  the  tip.  The  molecular 
interaction  between  these  molecules  attached  to  the  tip  and  molecules  on  the  film 
surface  is  responsible  for  the  increase  in  friction.  However,  after  several  scans,  this 
molecular  interaction  reaches  equilibrium,  after  which  the  friction  force  and  coeffi- 
cient of  friction  remain  constant.  In  the  case  of  the  Z-DOL  (fully  bonded)  film,  the 
friction  force  and  coefficient  of  friction  start  out  low  and  remain  low  during  the 
entire  test  for  100  cycles.  This  suggests  that  Z-DOL  (fully  bonded)  molecules  do 
not  become  attached  or  displaced  as  readily  as  those  of  Z-15. 


23.3.2     Self-assembled  Monolayers  (SAMs) 

For  lubrication  of  MEMS/NEMS,  another  effective  approach  involves  the  deposi- 
tion of  organized  and  dense  molecular  layers  of  long-chain  molecules.  Two  com- 
mon methods  to  produce  monolayers  and  thin  films  are  the  Langmuir-Blodgett 
(L-B)  deposition  and  self-assembled  monolayers  (SAMs)  by  chemical  grafting  of 
molecules.  L-B  films  are  physically  bonded  to  the  substrate  by  a  weak  van  der 
Waals  attraction,  while  SAMs  are  chemically  bonded  via  covalent  bonds  to  the 
substrate.  Because  of  the  choice  of  chain  length  and  terminal  linking  group  that 
SAMs  offer,  they  hold  great  promise  for  boundary  lubrication  of  MEMS/NEMS.  A 
number  of  studies  have  been  conducted  on  thetribological  properties  of  various 
SAMs  [138,  139,  140,  141,  187,  188,  189,  190,  191,  192,  193]. 

Bhushan  and  Liu  [188]  studied  the  effect  of  film  compliance  on  adhesion 
and  friction.  Based  on  friction  and  stiffness  measurements,  SAMs  with  high- 
compliance  long  carbon  chains  exhibit  low  friction;  chain  compliance  is  desirable 
for  low  friction.  The  friction  mechanism  of  SAMs  is  explained  by  a  so-called 
molecular-spring  model.  According  to  this  model,  chemically  adsorbed  self- 
assembled  molecules  on  a  substrate  are  just  like  assembled  molecular  springs 
anchored  to  the  substrate.  An  asperity  sliding  on  the  surface  of  SAMs  is  like  a  tip 
sliding  on  the  top  of  molecular  springs  or  a  molecular  brush.  The  molecular-spring 
assembly  has  compliant  features  and  can  experience  orientation  and  compression 
under  load.  The  orientation  of  the  molecular  springs  or  brush  under  normal  load 
reduces  the  shearing  force  at  the  interface,  which  in  turn  reduces  the  friction  force. 
The  orientation  is  determined  by  the  spring  constant  of  a  single  molecule  as  well  as 
the  interaction  between  the  neighboring  molecules,  which  can  be  reflected  by 
packing  density  or  packing  energy.  It  should  be  noted  that  orientation  can  lead  to 
conformational  defects  along  the  molecular  chains,  which  leads  to  energy  dissipa- 
tion. SAMs  with  high-compliance  long  carbon  chains  also  exhibit  the  best  wear 
resistance  [188,  190].  In  wear  experiments,  curves  of  wear  depth  as  a  function  of 
normal  load  show  a  critical  normal  load.  Below  the  critical  normal  load,  SAMs 
undergo  orientation.  At  the  critical  load,  SAMs  wear  away  from  the  substrate  due  to 
weak  interface  bond  strengths,  while  above  the  critical  normal  load  severe  wear 
takes  place  on  the  substrate. 
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Fig.  23.25  Schematics  of  the  structures  of  perfluoroalkylsilane  and  alkylsilane  SAMs  on  Si  with 
native  oxide  substrates,  and  perfluoroalkylphosphonate  and  alkylphosphonate  SAMs  on  Al  with 
native  oxide  substrates 


Bhushan  et  al.  [139,  191],  Kasai  et  al.  [141],  Tambe  and  Bhushan  [192],  and  Tao 
and  Bhushan  [193]  studied  various  SAMs  which  were  vapor-phase-deposited  on 
Si  and  Al  substrates  with  native  oxide  films  (Fig.  23.25).  Perfluorodecyltricholor- 
osilane  (PFTS),  n-octyldimethyl  (dimethylamino)  silane  (ODMS)  (n  =  7),  and 
«-octadecylmethyl  (dimethylamino)silane  (ODDMS)  (n  =  17)  were  deposited  on 
Si  substrate.  Perfluorodecylphosphonate  (PFDP),  77-decylphosphonate  (DP) 
(«  =  7),  and  n-octadecylphosphonate  (ODP)  («  =  17)  were  deposited  on  Al  sub- 
strate. Figure  23.26  shows  the  static  contact  angle,  adhesive  force,  friction  force, 
and  coefficient  of  friction  of  the  two  substrates  with  various  SAMs  under  ambient 
conditions  [139,  191].  Based  on  the  data,  all  films  exhibit  higher  contact  angle  and 
lower  adhesive  force  and  coefficient  of  friction  as  compared  with  corresponding 
substrates.  Among  the  various  films,  PFTS/Si  exhibits  higher  contact  angle  and 
lower  adhesive  force  as  compared  with  ODMS/Si  and  ODDMS/Si.  Longer-chain 
film  ODDMS/Si  has  superior  performance  than  shorter-chain  film  ODMS.  Trends 
for  films  on  Al  substrate  are  similar  to  that  on  Si  substrate.  Thus,  substrate  had  little 
effect.  The  coefficients  of  friction  of  various  SAMs  are  comparable. 

The  effect  of  relative  humidity  for  various  SAMs  on  Si  substrate  on  adhesion  and 
friction  was  studied.  Adhesive  force,  friction  force  at  5  nN  of  normal  load,  coeffi- 
cient of  friction,  and  microwear  data  are  presented  in  Fig.  23.27  [141,  191].  The 
result  of  adhesive  force  for  silicon  showed  an  increase  with  relative  humidity.  This 
is  expected  since  the  surface  of  silicon  is  hydrophilic,  as  shown  in  Fig.  23.26.  More 
condensation  of  water  at  the  tip-sample  interface  at  higher  humidity  increases  the 
adhesive  force  due  to  the  capillary  effect.  On  the  other  hand,  the  adhesive  force  for 
the  SAMs  showed  a  very  weak  dependency  on  humidity.  This  occurs  since  the 
surface  of  the  SAMs  is  hydrophobic.  The  adhesive  force  of  ODMS/Si  and 
ODDMS/Si  showed  a  slight  increase  from  75  to  90%  RH.  Such  increase  was  absent 
for  PFTS/Si,  possibly  because  of  the  hydrophobicity  of  PFTS/Si.  The  friction  force 
of  silicon  showed  an  increase  with  relative  humidity  up  to  ss  75%  RH  and  a  slight 
decrease  beyond  this  point.  The  initial  increase  possibly  results  from  the  increase  in 
adhesive  force.  The  decrease  in  friction  force  at  higher  humidity  could  be  attributed 
to  the  lubricating  effect  of  the  water  layer.  This  effect  is  more  pronounced  in  the 
coefficient  of  friction.  Since  the  adhesive  force  increased  and  the  coefficient 


23     MEMS/NEMS  and  BioMEMS/BioNEMS:  Materials,  Devices,  and  Biomimetics 
Contact  angle  (°) 


877 


Si  substrate 


Al  substrate 


160a 
120 

80 

40 

0 


, 

|3 

X 

11 

PFTS  ODMS  ODDMS    Al       PFDP       DP       ODP 


Adhesive  force  (nN) 
60  a 


40 
30 

20 
10 


llilllil 


oil 


Si        PFTS  ODMS  ODDMS    Al       PFDP       DP        ODP 


Friction  force  (nN) 
3a 


2.5 
2 


1.5 


0.5 


At  5  nN  normal  load 


JLQJl 


11  II  II  II 


Si        PFTS  ODMS  ODDMS    Al       PFDP       DP       ODP 

Coefficient  of  friction 
0.07  a 


0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0 


II    II    II    ll  II     ': 


Si        PFTS  ODMS  ODDMS    Al       PFDP       DP        ODP 


Fig.  23.26    The  static  contact  angle,  adhesive  force,  friction  force,  and  coefficient  of  friction 
measured  using  an  AFM  for  various  SAMs  on  Si  and  Al  substrates  (after  [131,139,191]) 
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Fig.  23.27    Effect  of  relative  humidity  on  (a)  adhesive  force,  (b)  friction  force,  (c)  coefficient  of 
friction,  and  (d)  microwear  for  various  SAMs  on  Si  substrate  (after  [141,  191]) 
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of  friction  decreased  in  this  range,  those  effects  cancel  out  each  other,  and  the 
resulting  friction  force  showed  slight  changes.  On  the  other  hand,  the  friction  force 
and  coefficient  of  friction  of  SAMs  showed  very  small  changes  with  relative 
humidity,  like  that  found  for  adhesive  force.  This  suggests  that  the  adsorbed 
water  layer  on  the  surface  maintained  a  similar  thickness  throughout  the  tested 
relative  humidity  range.  The  differences  among  the  SAM  types  were  small,  within 
the  measurement  error;  however,  a  closer  look  at  the  coefficient  of  friction  for 
ODMS/Si  showed  a  slight  increase  from  75%  to  90%  RH  as  compared  with 
PFTS/Si,  possibly  due  to  the  same  reason  as  for  the  adhesive  force  increment. 
The  inherent  hydrophobicity  of  SAMs  means  that  they  did  not  show  much  relative 
humidity  dependence. 

Figure  23.28a  shows  the  relationship  between  the  decrease  in  surface  height  as  a 
function  of  the  normal  load  during  wear  tests  for  various  SAMs  on  Si  and  Al  substrates 
[141,  191].  As  shown  in  the  figure,  the  SAMs  exhibit  a  critical  normal  load,  beyond 
which  the  surface  height  drastically  decreases.  Figure  23.28a  also  shows  the  wear 
behavior  of  the  Al  and  Si  substrates.  Unlike  the  SAMs,  the  substrates  show  a 
monotonic  decrease  in  surface  height  with  increasing  normal  load,  with  wear  initiating 
from  the  very  beginning,  i.e.,  even  for  low  normal  loads.  Si  (Young's  modulus  of 
elasticity,£=  130  GPa[  194, 195],  hardness,  H  =  11  GPa[  175])  is  relatively  hard  in 
comparison  with  Al  (E  —  77  GPa,//  =  0.41  GPa),  and  hence  the  decrease  in  surface 
height  for  Al  is  much  larger  than  that  for  Si  for  similar  normal  loads. 

The  critical  loads  corresponding  to  the  sudden  failure  of  SAMs  are  shown  in 
Fig.  23.28b.  Amongst  all  the  SAMs,  ODDMS  shows  the  best  performance  in  the 
wear  tests,  which  is  believed  to  be  because  of  the  effect  of  the  longer  chain  length. 
Fluorinated  SAMs  -  PFTS  and  PFDP  -  show  higher  critical  load  as  compared  with 
ODMS  and  DP  with  similar  chain  lengths.  ODP  shows  higher  critical  load  as 
compared  with  DP  because  of  its  longer  chain  length.  The  mechanism  of  failure 
of  compliant  SAMs  during  wear  tests  was  presented  earlier.  It  is  believed  that  the 
SAMs  fail  mostly  due  to  shearing  of  the  molecule  at  the  head  group,  that  is,  by 
means  of  shearing  of  the  molecules  off  the  substrate. 

To  study  the  effect  of  relative  humidity,  wear  tests  were  performed  at  various 
humidities.  Figure  23.27d  shows  critical  normal  load  as  a  function  of  relative  humidity. 
The  critical  normal  load  showed  weak  dependency  on  relative  humidity  for  ODMS/Si 
and  PFTS/Si,  and  was  larger  for  ODMS/Si  than  PFTS/Si  throughout  the  humidity 
range.  This  suggests  that  water  molecules  could  penetrate  into  the  ODDMS,  which 
might  work  as  a  lubricant  [190].  This  effect  was  absent  for  PFTS/Si  and  ODMS/Si. 

Bhushan  et  al.  [140]  and  Lee  et  al.  [138]  studied  various  fluoropolymer  multi- 
layers and  fluorosilane  monolayers  on  Si  and  a  selected  fluorosilane  on  PDMS 
surfaces.  For  nanoscale  devices,  such  as  in  nanochannels,  monolayers  are  preferred. 
They  reported  that  all  fluorosilane  films  increased  the  contact  angle.  The  fluor- 
osilane monolayer  -  1H,1H,  2H,  2H-perfluorodecyltriethoxysilane  (PFDTES)  - 
resulted  in  a  contact  angle  of  «  100°. 

Based  on  these  studies,  a  perfluoro  SAM  with  a  compliant  layer  should  have 
optimized  tribological  performance  for  MEMS/NEMS  and  bioMEMS/bioNEMS 
applications. 
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Fig.  23.28  (a)  Decrease  in  surface  height  as  a  function  of  normal  load  after  one  scan  cycle  for 
various  SAMs  on  Si  and  Al  substrates,  (b)  Comparison  of  critical  loads  for  failure  during  wear 
tests  for  various  SAMs  (after  [133,191]) 
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23.3.3    Hard  Diamond-Like  Carbon  (DLC)  Coatings 

Hard  amorphous  carbon  (a-C),  commonly  known  as  DLC  (implying  high  hardness), 
coatings  are  deposited  by  a  variety  of  deposition  techniques,  including  filtered 
cathodic  arc  (FCA),  ion  beam,  electron  cyclotron  resonance  chemical  vapor  depo- 
sition (ECR-CVD),  plasma-enhanced  chemical  vapor  deposition  (PECVD),  and 
sputtering  [159,  175].  These  coatings  are  used  in  a  wide  range  of  applications, 
including  tribological,  optical,  electronic,  and  biomedical  applications.  Ultrathin 
coatings  (3-10  nm  thick)  are  employed  to  protect  against  wear  and  corrosion  in 
magnetic  storage  applications  -  thin-film  rigid  disks,  metal  evaporated  tapes,  and 
thin-film  read/write  head  -,  Gillette  Mach  3  razor  blades,  glass  windows,  and 
sunglasses.  The  coatings  exhibit  low  friction,  high  hardness  and  wear  resistance, 
chemical  inertness  to  both  acids  and  alkalis,  lack  of  magnetic  response,  and  optical 
bandgap  ranging  from  zero  to  a  few  electron-volts,  depending  upon  the  deposition 
technique  and  its  conditions.  Selected  data  on  DLC  coatings  relevant  for  MEMS/ 
NEMS  applications  are  presented  in  a  following  section  on  adhesion  measurements. 


23.4    Nanotribological  Studies  of  Biological  Molecules  on 
Silicon-Based  and  Polymer  Surfaces  and  Submicron 
Particles  for  Therapeutics  and  Diagnostics 

23.4.1    Adhesion,  Friction,  and  Wear  of  Biomolecules 
on  Si-Based  Surfaces 

Proteins  on  silicon-based  surfaces  are  of  extreme  importance  in  various  applica- 
tions, including  silicon  microimplants,  various  bioMEMS  such  as  biosensors,  and 
therapeutics.  Silicon  is  a  commonly  used  substrate  in  microimplants,  but  it  can  have 
undesired  interactions  with  the  human  immune  system.  Therefore,  to  mimic  a 
biological  surface,  protein  coatings  are  used  on  silicon-based  surfaces  as  passiv- 
ation layers,  so  that  these  implants  are  compatible  with  the  body,  avoiding  rejection. 
Whether  this  surface  treatment  is  applied  to  a  large  implant  or  a  bioMEMS,  the 
function  of  the  protein  passivation  is  obtained  from  the  nanoscale  3-D  structural 
conformation  of  the  protein.  Proteins  are  also  used  in  bioMEMS  because  of  their 
function  specificity.  For  biosensor  applications,  the  extensive  array  of  protein 
activities  provides  a  rich  supply  of  operations  that  may  be  performed  at  the 
nanoscale.  Many  antibodies  (proteins)  have  an  affinity  to  specific  protein  antigens. 
For  example,  pathogens  (disease-causing  agents,  e.g.,  viruses  or  bacteria)  trigger 
the  production  of  antigens  which  can  be  detected  when  bound  to  a  specific  antibody 
on  the  biosensor.  The  specific  binding  behavior  of  proteins  that  has  been  applied  to 
laboratory  assays  may  also  be  redesigned  for  in  vivo  use  as  sensing  elements  of  a 
bioMEMS.  The  epitope-specific  binding  properties  of  proteins  to  various  antigens 
are  useful  in  therapeutics.  Adhesion  between  the  protein  and  substrate  affects  the 
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reliability  of  an  application.  Among  other  things,  the  morphology  of  the  substrate 
affects  the  adhesion.  Furthermore,  for  in  vivo  environments,  the  proteins  on  the 
biosensor  surface  should  exhibit  high  wear  resistance  during  direct  contact  with 
tissue  and  circulatory  blood  flow  without  washing  off. 

Bhushan  et  al.  [73]  studied  the  step-by-step  morphological  changes  and  the 
adhesion  of  a  model  protein  -  streptavidin  (STA)  -  on  silicon-based  surfaces. 
(Also  see   [134,   136,   196].)  Figure  23.29a  presents  a  flowchart  showing  the 
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Fig.  23.29    (a)  Flowchart 
showing  the  samples  used  and 
their  preparation  technique, 
(b)  Chemical  structure 
showing  streptavidin  protein 
binding  to  the  silica  substrate 
by  the  chemical  linker 
method 
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sequential  modification  of  a  silicon  surface.  In  addition  to  physical  adsorption,  they 
also  used  nanopatterning  and  chemical  linker  methods  to  improve  adhesion. 
A  nanopatterned  surface  contains  large  edge  surface  area,  leading  to  high  surface 
energy  which  results  in  high  adhesion.  In  the  chemical  linker  method,  sulfo-N- 
hydroxysuccinimido-biotin  (sulfo-NHS-biotin)  was  used  as  a  cross-linker  because 
the  bonds  between  the  STA  and  the  biotin  molecule  are  one  of  the  strongest 
noncovalent  bonds  known  (Fig.  23.29b).  It  was  connected  to  the  silica  surface 
through  a  silane  linker,  3-aminopropyltriethoxysilane  (3-APTES).  In  order  to  make 
a  bond  between  the  silane  linker  and  the  silica  surface,  the  silica  surface  was 
hydroxylated.  Bovine  serum  albumin  (BSA)  was  used  before  STA  in  order  to 
block  nonspecific  binding  sites  of  the  STA  protein  with  silica  surface.  Figure 
23.30  shows  the  step-by-step  morphological  changes  in  the  silica  surface  during 
the  deposition  process  using  the  chemical  linker  method.  There  is  an  increase  in 
roughness  [er  and  peak-to-valley  (P-V)  distance]  of  the  silica  surface  boiled  in 
deionized  (DI)  water  compared  with  the  bare  silica  surface.  After  the  silanization 
process,  there  are  many  free  silane  links  on  the  surface,  which  caused  higher 
roughness.  Once  biotin  was  coated  on  the  silanized  surface,  the  surface  became 
smoother.  Finally,  after  the  deposition  of  STA,  the  surface  shows  large  and  small 
clumps.  Presumably,  the  large  clumps  represent  BSA,  and  the  smaller  ones  repre- 
sent STA.  To  measure  adhesion  between  STA  and  the  corresponding  substrates,  an 
STA-coated  tip  (or  functionalized  tip)  was  used  and  all  measurements  were  made  in 
phosphate-buffered  saline  (PBS)  solution,  a  medium  commonly  used  in  protein 
analysis  to  simulate  body  fluid.  Figure  23.31  shows  the  adhesion  values  of  various 
surfaces.  The  adhesion  value  between  biotin  and  STA  was  higher  than  that  for  other 
samples,  as  expected.  Edges  of  patterned  silica  also  exhibited  high  adhesion  values. 
It  appears  that  both  nanopatterned  surfaces  and  the  chemical  linker  method  increase 
adhesion  with  STA. 

Bhushan  et  al.  [131]  studied  friction  and  wear  of  STA  deposited  by  physical 
adsorption  and  the  chemical  linker  method.  (Also  see  [137].)  Figure  23.32  shows 
the  coefficient  of  friction  between  the  Si3N4  tip  and  various  samples.  The  coeffi- 
cient of  friction  is  less  for  STA-coated  silica  samples  compared  with  an  uncoated 
sample.  The  streptavidin  coating  acts  as  a  lubricant  film.  The  coefficient  of  friction 
is  found  to  be  dependent  upon  the  concentration  of  STA,  and  it  decreases  with 
increasing  concentration.  Bhushan  et  al.  [73]  have  reported  that  the  density  and 
distribution  of  the  biomolecules  vary  with  concentration.  At  higher  concentration  of 
the  solution,  the  coated  layer  is  more  uniform,  and  the  silica  substrate  surface  is 
more  highly  covered  with  biomolecules  than  at  lower  concentration.  This  means 
that  the  surface  forms  a  continuous  lubricant  film  at  higher  concentration. 

In  the  case  of  samples  prepared  by  the  chemical  linker  method,  the  coefficient  of 
friction  increases  with  increasing  biomolecular  chain  length  due  to  increased 
compliance.  When  a  normal  load  is  applied  to  the  surface,  the  surface  gets  com- 
pressed, resulting  in  a  larger  contact  area  between  the  AFM  tip  and  the  biomole- 
cules. Besides  that,  the  size  of  STA  is  much  larger  than  that  of  APTES  and  biotin. 
This  results  in  a  tightly  packed  surface  with  the  biomolecules,  which  results  in  very 
little  lateral  deflection  of  the  linker  in  the  case  of  STA-coated  biotin.  Due  to 
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Fig.  23.30   Morphological 
changes  in  a  silica  surface 
during  functionalization  by 
the  chemical  linker,  imaged 
in  PBS.  Streptavidin  is 
covalently  bonded  at 
10  pg/ml  concentration 
(after  [73]) 
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Fig.  23.31    Adhesion 
measurements  of  silica, 
patterned  silicon,  silica  boiled 
in  DI  water,  and  sulfo-NHS- 
biotin  using  functionalized 
(with  streptavidin)  tips 
obtained  from  force-distance 
curves,  captured  in  PBS 


Fig.  23.32    Coefficient  of 
friction  in  PBS  for  various 
surfaces  with  and 
without  biomolecules 
(after  [133]) 
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this  high  contact  area  and  low  lateral  deflection,  the  friction  force  increases  for 
the  same  applied  normal  load  compared  with  the  directly  adsorbed  surface.  These 
tests  reveal  that  surfaces  coated  with  biomolecules  reduce  the  friction,  but  if  the 
biomolecular  coating  of  the  surface  is  too  thick  or  the  surface  has  some  cushioning 
effect  as  seen  in  the  chemical  linker  method,  this  will  increase  the  coefficient  of 
friction. 
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Fig.  23.33  Surface  height  maps  and  cross-sectional  profiles  (a)  and  phase  images  (b)  of  wear 
marks  on  precycle  cleaned  silica  coated  with  streptavidin  by  physical  adsorption  after  wear  tests  at 
three  normal  loads  (increasing  from  left  to  right).  The  75,  50  and  30%  of  free  amplitudes 
correspond  to  equivalent  normal  loads  of  3,  6  and  8  nN,  respectively  (after  [133]) 


Figure  23.33  shows  the  surface  height  maps  and  phase  images  of  wear  marks  on 
STA  deposited  by  physical  adsorption  after  wear  tests  at  three  normal  loads.  The 
wear  depth  increases  with  increasing  normal  load.  An  increase  in  normal  load 
causes  partial  damage  to  the  folding  structure  of  the  streptavidin  molecules.  It  is 
unlikely  that  the  chemical  (covalent)  bonds  within  the  streptavidin  molecule  are 
broken;  instead,  the  folding  structure  is  damaged,  leading  to  wear  marks.  When  the 
load  is  high,  sw  30%  of  free  amplitude  («  8  nN),  the  molecules  may  have  been 
removed  by  the  AFM  tip  due  to  indentation  effect.  Because  of  this,  there  is 
significant  increase  in  the  wear  depth  from  50%  of  free  amplitude  (m  6  nN)  to 
30%  of  free  amplitude  («s  8  nN).  The  data  show  that  biomolecules  will  be  damaged 
during  sliding. 

In  summary,  for  samples  prepared  using  nanopatterning  and  the  chemical  linker 
methods,  adhesion  is  higher  compared  with  those  prepared  by  the  direct  adsorption 
method.  The  coefficient  of  friction  is  lowre  for  STA-coated  silica  prepared  using 
the  direct  adsorption  method  as  compared  with  an  uncoated  silica  sample.  Coeffi- 
cient of  friction  decreases  with  increasing  concentration  of  STA  in  the  solution 
because  protein  acts  as  a  lubricating  film.  Friction  increases  for  the  STA  sample 
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prepared  using  the  chemical  linker  method  due  to  the  cushioning  effect  and  low 
lateral  deformation.  Wear  of  STA  increases  with  the  increasing  load. 


APDMES  to  Improve  Adhesion,  Friction,  and  Wear 
of  Biomolecular  Films 

APTES  films  used  in  the  just-reported  study  were  not  very  smooth,  and  P-V 
distances  were  substantially  greater  than  the  summed  bond  strengths  of  APTES. 
The  biotin/STA  deposited  on  APTES  films  was  not  very  robust.  APTES  films  are 
commonly  described  as  SAMs,  though  this  is  often  inaccurate  [197,  198,  199]. 
APTES  monomers  can  form  infinite,  cross-linked  siloxane  polymer  lattices  because 
APTES  is  a  multivalent  (trivalent)  silane  and  can  form  a  multilayered  structure  due 
to  intermolecular  polymerization  with  significant  cross-linking  between  monomers. 
It  should  consist  of  sparse  cross-links  between  the  polymer  and  the  substrate 
(Fig.  23.34)  [136].  The  propensity  to  form  multilayers  and  its  low  mechanical 
strength  makes  APTES  an  undesirable  interface  material.  On  the  other  hand, 
3-aminopropyldimefhlefhoxysilane  (APDMES)  cannot  polymerize  into  extensive 
networks  because  it  is  monovalent,  forming  only  siloxane  dimers  or  linkages  to 
substrate  oxides  (Fig.  23.34).  APDMES  should  therefore  produce  thinner  films  of 
greater  mechanical  robustness  than  APTES,  and  provide  robustness  to  biomolecu- 
lar layers  deposited  on  top  of  it.  Thinner  interfaces  would  also  theoretically  increase 
sensor  sensitivity  to  analyte. 

Bhushan  et  al.  [136]  examined  the  thickness  and  durability  of  APDMES  depos- 
ited on  Si02  and  A1203  substrates,  with  biotin  and  biotin/STA  bound  to  them. 
Figure  23.35a  shows  the  thickness  and  surface  roughness  (RMS  and  P-V)  of 
APTES  and  APDMES  and  SiC>2  substrate  for  reference.  Figure  23.35b  shows 
the  surface  roughness,  adhesive  force,  and  coefficient  of  friction  for  biotin  and 
STA-biotin  deposited  on  APTES  and  APDMES  films.  The  data  show  that  APTES 
film  is  not  very  smooth.  It  was  shown  in  Fig.  23.30  that  biotin  and  STA  deposited  on 
APTES  were  also  not  very  smooth,  with  high  P-V  values.  The  thickness  of  the 
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R1:CH2CH2CH2NH 
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Fig.  23.34  Chemical  structure  of  silane  polymer  linker.  Schematics  of  idealized  and  multilayered 
APTES  and  idealized  APDMES  silane  polymer  films  on  silicon/Si02  and  aluminum/Al203 
substrates.  Idealized  film  corresponds  to  a  self-assembled  monolayer  (after  [136]) 
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Fig.  23.35  (a)  Summary  of  film  thickness  and  surface  roughness  (RMS  and  P-V  distance)  for 
APTES  and  APDMES  in  air.  (b)  Summary  of  surface  roughness  (RMS  and  P-V  distance), 
adhesive  force,  and  coefficient  of  biotin  and  STA-biotin  on  APTES  and  APDMES  films,  all  in 
PBS  buffer  solution.  Error  bars  represent  ±  1<t  (after  [136]) 


APTES  layer  is  larger  than  the  expected  monolayer  thickness.  The  unexpected 
thickness  of  the  film  represents  multilayering  by  APTES.  APDMES  films  produced 
the  thinner  film,  with  a  thickness  comparable  to  the  summed  bond  lengths  of  the 
APDMES  polymer  (Fig.  23.35a).  Bhushan  et  al.  [137]  reported  that  the  APDMES 
film  was  more  uniform,  smoother,  and  nearly  continuous,  and  that  it  exhibited 
higher  contact  angle  and  lower  adhesive  force  as  compared  with  the  APTES  film. 
The  surface  roughness  and  adhesive  force  of  biotin  and  STA-biotin  on  APDMES 
are  also  slightly  lower  than  that  on  APTES  film.  The  coefficient  of  friction  on 
APDMES  appears  to  be  slightly  higher  than  that  on  APTES  (Fig.  23.35b). 

Bhushan  et  al.  [136]  also  studied  wear  properties  of  various  films.  Contact 
mode  always  immediately  stripped  the  surface  at  low  loads;  consequently  wear 
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experiments  were  performed  in  tapping  mode  at  various  loads.  AFM  surface  height 
and  phase-angle  images  and  cross-sectional  profiles  obtained  after  wear  tests  for 
biotin  and  STA-biotin  on  APTES  and  APDMES  in  PBS  are  shown  in  Fig.  23.36a. 
As  controls,  wear  experiments  of  biotin  and  STA-biotin  on  Si02  without  SAM 
were  also  carried  out.  The  biomolecular  films  on  APDMES  were  more  robust  than 
on  APTES.  Given  that  each  molecule  of  APDMES  must  be  bonded  to  a  surface 
oxide  group  and  that  intrapolymer  cross-links  are  not  possible  in  APDMES,  it  has  a 
higher  density  of  siloxane  linkages  to  the  substrate  oxide,  making  it  more  robust. 
Bhushan  et  al.  [137]  also  studied  the  effect  of  load  on  the  wear  of  APDMES  and 
biotin  and  STA-biotin  deposited  on  APDMES  (Fig.  23.36b).  As  expected,  the  wear 
increased  with  increasing  load.  The  relationship  between  the  average  wear  depth 
(and  the  coefficient  of  friction)  and  the  average  normal  load  is  generally  linear.  The 
slope  of  the  wear  depth  (and  coefficient  of  friction)  against  load  is  steepest  for  the 
interface  to  which  STA-biotin  was  bound  because  of  the  cushioning  effect  of 
the  thick  film,  as  suggested  earlier. 
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b  After  wear  test 

APDMES  on  SiOi  in  air  contact  mode 
Average  wear  depth  (nm)  Average  friction  force  (nN) 
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Fig.  23.36  (a)  AFM  surface  height  and  phase-angle  images  and  cross-sectional  profiles  obtained 
after  wear  test  in  PBS  in  tapping  mode  at  50%  of  free  amplitude  (ps  2  nN)  on  biotin  and 
STA-biotin  on  Si02  and  APTES  and  APDMES  films  on  Si02.  The  white  lines  indicate  the 
locations  of  the  cross  sections,  (b)  Plot  of  average  wear  depth  and  average  friction  force/phase 
angle  as  a  function  of  average  normal  load  for  APDMES  on  SiC>2  in  air  in  contact  mode,  biotin 
over  APDMES  on  Si02  in  PBS  in  tapping  mode,  and  on  STA-biotin  over  APDMES  on  Si02  in 
PBS  in  tapping  mode  (after  [136]) 
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In  summary,  APDMES  film  is  more  uniform,  smoother,  and  nearly  continuous 
as  compared  with  APTES  film.  These  properties  of  APDMES  provide  a  good 
interfacial  material  for  biomolecular  films,  providing  a  smooth  and  robust  structure. 

23.4.2    Adhesion  of  Coated  Polymer  Surfaces 

As  mentioned  in  Appendix,  PMMA,  PDMS,  and  other  polymers  are  used  in  the 
construction  of  micro-nanofluidic-based  biodevices.  Adhesion  between  the  moving 
parts  needs  to  be  minimized.  Furthermore,  if  the  adhesion  between  the  microchan- 
nel  surface  and  the  biofluid  is  high,  the  biomolecules  will  stick  to  the  microchannel 
surface  and  restrict  flow.  In  order  to  facilitate  flow,  a  surface  with  low  bioadhesion 
is  required. 

Tambe  and  Bhushan  [200,  201]  and  Bhushan  and  Burton  [202]  have  reported 
adhesive  force  data  for  PMMA  and  PDMS  against  an  AFM  Si3N4  tip  and  a  silicon 
ball.  Tokachichu  and  Bhushan  [203]  measured  contact  angle  and  adhesion  of  bare 
PMMA  and  PDMS  and  coated  with  a  perfluoro  SAM  of  perfluorodecyltriethoxysi- 
lane  (PFDTES).  Oxygen  plasma  treatment  was  used  for  hydroxylation  of  the 
surface  to  enhance  chemical  bonding  of  the  SAM  to  the  polymer  surface.  They 
made  measurements  in  ambient,  in  PBS,  and  fetal  bovine  serum  (FBS);  the  latter  is 
a  blood  component.  Figures  23.37  and  23.38  show  the  contact  angle  and  adhesion 
data.  SAM-coated  surfaces  have  high  contact  angles  (Fig.  23.37),  as  expected.  The 
adhesion  value  of  PDMS  in  ambient  is  high  because  of  the  electrostatic  charge 
present  on  the  surface.  The  adhesion  values  of  PDMS  are  higher  than  PMMA 
because  PDMS  is  softer  than  PMMA  (elastic  modulus  =  5  GPa  and  hardness 
=  410  MPa  [137]),  resulting  in  higher  contact  area  between  the  PDMS  surface 
and  the  AFM  tip,  and  PMMA  does  not  develop  electrostatic  charge.  When  SAM  is 
coated  on  PMMA  and  PDMS  surfaces,  the  adhesion  values  are  similar,  which 
shows  that  electrostatic  charge  on  virgin  PDMS  plays  no  role  when  the  surface  is 
coated.  In  the  PBS  solution,  there  is  a  decrease  in  adhesion  values  because  of  the 
lack  of  a  meniscus  contribution.  The  adhesion  values  for  the  FBS-coated  tip  in  PBS 
are  generally  lower  than  for  an  uncoated  tip  in  PBS. 


Fig.  23.37    Sessile  drop 
contact  angle  measurements 
of  virgin,  oxygen-plasma- 
treated,  and  PFDTES-coated 
PMMA  and  PDMS  surfaces. 
The  maximum  error  in  the 
data  is  ±  2°  (after  [203]) 
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Fig.  23.38    Adhesion 
measurement  of  virgin, 
oxygen-plasma-treated,  and 
PFDTES-coated  PMMA  and 
PDMS  surfaces  (a)  with  bare 
silicon  nitride  AFM  tip  in 
ambient,  and  in  PBS 
environment,  and  (b)  dip- 
coated  tip  with  FBS  in  PBS 
environment  (after  [203]) 
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In  summary,  the  adhesion  values  of  SAM-coated  surfaces  are  lower  than  bare 
surfaces  in  various  environments. 


23.4.3     Submicron  Particles  for  Therapeutics  and  Diagnostics 


Submicron  particles  can  be  injected  into  the  blood  stream  in  human  capillaries  (as 
small  as  4-5  urn)  and  employed  to  deliver  drugs  to  diseased  cells,  to  locate  diseased 
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cells  or  tumoral  masses  and  estimate  the  state  of  disease,  and  to  carry  diagnostic 
agents  (fluorescent  molecules)  to  diseased  cells  in  order  to  enhance  imaging  [142]. 
Particles  exhibiting  one  of  these  characteristics  can  be  considered  as  smart  systems, 
which  can  function  as  purely  therapeutic  agents,  purely  diagnostic  agents,  or  a 
combination  of  both.  Small  delivery  particles  include  nanocrystals,  synthetic  vesi- 
cles, liposomes,  and  fabricated  silicon. 

Particles  are  reservoirs  containing  drug  or  diagnostic  agents.  These  are  covered 
with  a  layer  of  adhesive  molecules  (ligands)  for  attaching  to  selected  target  sites. 
When  a  particle  is  sufficiently  close  to  select  cell  surfaces  (a  few  nm),  its  ligands 
can  interact  with  the  cellular  counterpart  (receptors),  which  leads  to  firm  attach- 
ment. Once  the  particle  is  arrested  to  its  target,  drug  or  diagnostic  agent  is  delivered. 
A  schematic  of  the  lifecycle  of  a  particle  injected  intravenously  for  drug  delivery  is 
shown  in  Fig.  23.39.  The  speed  and  the  time  needed  for  a  particle  circulating  in  the 
blood  stream  to  reach  the  endothelium  lining  of  the  human  capillary  is  dependent 
upon  the  distance  and  interactive  forces.  The  particle  can  interact  with  the  endothe- 
lium lining  through  buoyancy,  van  der  Waals  (vdW),  electrostatic,  and  steric  forces. 
These  interactions  are  a  function  of  the  material  properties  of  the  particles  and  any 
coating  on  it,  in  particular  its  relative  density  (particle  density  relative  to  blood),  the 
electrostatic  potential,  and  the  dielectric  constant  as  well  as  the  particle  radius. 
These  properties  can  be  optimized. 

These  interacting  forces  are  weak,  so  the  particle  trajectory  should  be  close  to  the 
endothelium  lining,  otherwise  the  particle  may  not  get  attracted  to  the  lining  to 
perform  its  intended  function.  Decuzzi  et  al.  [142]  developed  an  analytical  model 
to  predict  the  trajectory  of  a  particle  freely  circulating  in  the  blood  stream  and 
associated  interaction  forces.  The  model  can  be  used  to  optimize  the  particle  radii 
and  material  properties.  Figure  23.40  shows  a  schematic  of  a  spherical  particle 
freely  circulating  in  the  blood  stream  with  its  center  at  a  distance  z  from  the 


Fig.  23.39    The  life  cycle 
of  a  particle  injected 
intravenously  for  drug 
delivery:  (a)  target  search 
and  binding,  (b)  drug 
release,  and  (c)  cell  death 
(after  [142]) 
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Fig.  23.40  A  spherical  particle  moving  close  to  the  endothelium  wall  in  a  laminar  flow.  In  the 
inset,  the  balance  of  the  forces  acting  on  the  particle  are  sketched:  Fei,  Fst,  Fvaw,  and  Fb  correspond 
to  the  electrostatic  force,  steric  force,  van  der  Waals  force,  and  buoyancy  force,  respectively 
(after  [142]) 


endothelium  wall.  The  particle  has  a  radius  R,  and  its  trajectory  is  governed  by  the 
forces  exerted  by  the  blood  stream  and  gravitational  and  electromagnetic  interac- 
tions. We  assume  that  the  particle  is  sufficiently  far  from  the  endothelium  wall  that 
specific  interactions  (such  as  ligand-receptor  interactions)  can  be  ignored.  At  short 
range  (below  1-3  nm),  solvation  and  other  steric  forces  dominate.  However,  the 
most  important  long-range  forces  (5-10  nm)  between  particles  and  wall  surfaces  in 
the  presence  of  a  liquid  are  buoyancy,  van  der  Waals,  electrostatic,  and  steric 
forces.  The  buoyancy  force  is  related  to  the  radius  of  the  particle  R  and  the  relative 
density  of  the  particle  relative  to  blood.  The  van  der  Waals  interaction  (generally 
attractive)  is  related  to  R,  its  relative  position  with  respect  to  the  endothelium  wall  z, 
and  the  Hamaker  constant  A,  which  depends  upon  the  dielectric  constants  of  the 
media  involved.  The  electrostatic  double-layer  (EDL)  interaction  (repulsive  and 
attractive)  is  related  to  R,  z,  the  ionic  concentration,  and  the  characteristic  Debye 
length  of  the  solution.  Finally,  the  steric  repulsive  interaction  is  related  to  the 
unperturbed  radius  of  gyration  of  polymer  chains  grafted  onto  the  particle  surface, 
R,  and  z.  The  value  of  various  forces  as  a  function  of  the  particle  radius  R  for  a  fixed 
distance  from  the  wall  z  is  presented  in  Table  23.6.  The  dominating  force  is 
buoyancy  when  the  particle  radius  is  sufficiently  large,  and  van  der  Waals  when 
the  particle  is  sufficiently  small.  Electrostatic  and  steric  forces  are  negligible  as  long 
as  the  distance  is  larger  than  the  50  nm  considered  in  this  example. 

The  travel  time  needed  to  reach  the  wall  depends  upon  the  particle  size,  as  shown 
in  Fig.  23.41.  In  this  figure,  the  dimensionless  position  of  the  particle  center  with 
respect  to  the  endothelium  wall  r\  (=  z/R)  is  plotted  as  a  function  of  time  t  for 
different  particle  radii,  ranging  from  R  =  10  um  to  50  nm.  It  was  assumed  that 
particles  were  initially  at  a  distance  d0(z0  —  R)  equal  to  9R  from  the  endothelium 
wall  (i.e.,  the  center  of  the  particle  is  at  z0  =  10R,  rj0  =  z0/R  =  10).  Thus  the 
distance  traveled  scales  with  the  size  of  the  particle.  The  data  show  that,  as  the 
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Table  23.6  Values  of  the  buoyancy  force  Fb,  van  der  Waals  force  Fvdw.  electrostatic  force  FeI, 
and  steric  force  Fsr  as  functions  of  the  particle  radius  for  a  fixed  distance  from  the  wall  (r/  =  z/R 
=  2ord  =  R)  [142] 
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Fig.  23.41    The  dimensionless 
particle  position  /-/(=  z/R)  as 
a  function  of  time  t  for 
different  values  of  particle 
radius  (R  =10,000,5,000, 
1,000,  500,  100,  and  50  nm). 
There  exists  a  critical  radius 
Rc  at  which  the  travel  time  is 
maximum  (after  [142]) 


radius  of  the  particle  decreases,  the  time  needed  to  reach  the  wall  increases  up  to  a 
maximum  beyond  which  it  decreases  as  the  radius  is  further  reduced.  Larger 
particles  are  initially  far  from  the  endothelium  wall;  a  10  urn  particle  is  initially 
100  [im  away  from  the  endothelium  (z  =  10R),  where  electrostatic  and  van  der 
Waals  interactions  are  negligible  and  particle  motion  is  governed  by  buoyancy  and 
hemodynamic  resistance.  As  the  particle  approaches  the  endothelium  wall,  van  der 
Waals  attraction  dominates,  and  a  rapid  increase  in  speed  is  observed  with  a.  jump  to 
contact  like  behavior.  Such  a  behavior  is  more  clearly  shown  by  particles  with 
submicron  radius,  which  are  closer  to  the  endothelium  wall,  so  the  van  der  Waals 
force  dominates  from  the  beginning.  We  note  that  there  is  a  critical  radius  for  which 
the  time  taken  for  the  particle  to  travel  to  the  wall  is  maximum.  Selected  radius 
should  be  smaller  or  larger  than  the  critical  radius  (possibly  smaller  so  that  they  can 
circulate  freely  even  in  smaller  capillaries). 

The  effect  of  the  relative  density  of  the  particle  Ap  on  the  critical  radius  Rc  at 
which  travel  time  is  maximum  is  plotted  in  Fig.  23.42.  We  note  that,  as  Ap  reduces, 
Rc  increases.  As  Ap  decreases,  the  effect  of  buoyancy  becomes  less  important,  and 
van  der  Waals  attractive  forces  exert  a  greater  influence  as  the  particle  radius 
decreases. 

In  summary,  the  interacting  forces  are  weak,  so  the  particle  trajectory  should  be 
close  to  the  endothelium  lining.  The  trajectory  and  interaction  forces  depend  upon 
the  particle  radii  and  material  properties.  These  results  suggest  that  particles  for 
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Fig.  23.42    Travel  time  as  a 
function  of  particle  radius  R 
for  different  values  of  relative 
density:  (a)  Ap  =102, 
(b)  Ap  =10\  and  (c) 
Ap  =104  kg/mm3.  The 
critical  radius  Rc  depends 
upon  Ap  (after  [142])  < 
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therapeutic  and  diagnostics  should  have  a  radius  larger  or  smaller  than  a  critical 
value  (possibly  smaller  so  that  they  can  circulate  freely  even  in  smaller  capillaries). 
The  material  properties  of  the  particle  and  the  polymer  chains  grafted  onto  it,  such 
as  the  relative  density  of  the  particle,  can  be  tuned  specifically  to  the  type  of 
malignant  tissue  and  the  state  of  disease,  improving  the  particle  affinity  with  the 
diseased  cells. 
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23.5     Surfaces  with  Roughness-Induced  Superhydrophobicity, 
Self-Cleaning,  and  Low  Adhesion 

Various  MEMS/NEMS  and  bioMEMS/bioNEMS  require  hydrophobic  and  self- 
cleaning  surfaces  and  interfaces  with  low  adhesion  and  friction.  Hydrophobicity  of 
a  surface  (wettability)  is  characterized  by  the  static  contact  angle  between  a  water 
droplet  and  the  surface.  If  the  liquid  does  not  wet  the  surface,  the  value  of  the 
contact  angle  is  90  <  0  <180°.  Surfaces  with  a  contact  angle  between  150°  and 
180°  are  called  superhydrophobic.  In  addition  to  the  high  contact  angle,  for  self- 
cleaning,  superhydrophobic  surfaces  should  also  have  very  low  water  contact  angle 
hysteresis  9H.  Water  droplets  roll  off  (with  some  slip)  on  these  surfaces  and  take 
contaminants  with  them,  providing  a  self-cleaning  ability  known  as  the  lotus  effect. 
Contact  angle  hysteresis  is  the  difference  between  advancing  and  receding  contact 
angles,  which  are  two  stable  values.  It  occurs  due  to  surface  roughness  and  surface 
heterogeneity.  Contact  angle  hysteresis  (CAH)  reflects  the  irreversibility  of  the 
wetting/dewetting  cycle.  It  is  a  measure  of  the  energy  dissipation  during  the  flow  of 
a  droplet  along  a  solid  surface.  At  a  low  value  of  CAH,  the  droplet  may  roll  in 
addition  to  slide,  which  facilitates  the  removal  of  contaminant  particles.  A  surface 
with  CAH  of  <  10°  is  generally  referred  to  as  a  self-cleaning  surfaces.  Surfaces 
with  low  CAH  have  a  low  water  roll-off  (tilt)  angle,  which  denotes  the  angle  to 
which  a  surface  must  be  tilted  for  roll-off  of  water  droplets.  Self-cleaning  surfaces  are 
of  interest  in  various  applications,  including  self-cleaning  windows,  windshields, 
exterior  paints  for  buildings  and  navigation  ships,  utensils,  roof  tiles,  textiles, 
solar  panels,  and  applications  requiring  antifouling  and  a  reduction  of  drag  in  fluid 
flow,  e.g.,  in  micro-nanochannels  in  micro-nanofiuidics.  Superhydrophobic  surfaces 
can  also  be  used  for  energy  conservation  and  conversion.  Selection  of  a  proper 
superhydrophobic  surface  allows  the  reduction  of  energy  dissipation.  Secondly, 
superhydrophobic  and  superoleophobic  surfaces  can  be  used  for  fuel  economy. 
Third,  the  recently  discovered  effect  of  reversible  superhydrophobicity  provides  the 
potential  for  new  ways  of  energy  conversion  such  as  the  microscale  capillary  engine. 

Wetting  may  lead  to  the  formation  of  menisci  at  the  interface  between  solid 
bodies  during  sliding  contact,  which  increases  adhesion  and  friction.  In  some  cases, 
the  wet  friction  force  can  be  greater  than  the  dry  friction  force,  which  is  usually 
undesirable  [82,  83,  84,  126].  On  the  other  hand,  high  adhesion  is  desirable  in  some 
applications,  such  as  adhesive  tapes  and  adhesion  of  cells  to  biomaterial  surfaces; 
therefore,  enhanced  wetting  would  be  desirable  in  these  applications.  Numerous 
applications,  such  as  magnetic  storage  devices  and  micro-nanoelectromechanical 
systems  (MEMS/NEMS),  require  surfaces  with  low  adhesion  and  stiction  [13,  34, 
83,  152,  205]. 

Some  natural  surfaces,  including  leaves  of  water-repellent  plants  such  as  lotus, 
are  known  to  be  superhydrophobic  and  self-cleaning  due  to  hierarchical  roughness 
and  the  presence  of  a  wax  coating  [205,  207].  Figure  23.43  shows  SEM  micro- 
graphs (shown  at  three  magnifications)  of  a  superhydrophobic  leaf  of  lotus  (Nelubo 
nucifera).  Lotus  is  characterized  by  papillose  epidermal  cells  responsible  for  the 
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Fig.  23.43  (a)  SEM  micrographs  (shown  at  three  magnifications)  of  Nelumbo  nucifera  (lotus)  leaf 
surface,  which  consists  of  microstructure  formed  by  papillose  epidermal  cells  covered  with  3-D 
epicuticular  wax  tubules  on  the  surface,  which  create  nanostructure  [208].  (b)  Image  of  a  water 
droplet  sitting  on  the  lotus  leaf 


creation  of  papillae  or  microbumps  on  the  surfaces,  covered  with  three-dimensional 
epicuticular  wax  tubules  which  are  a  mixture  of  very  long-chain  fatty  acids  mole- 
cules (compounds  with  chains  >  20  carbon  atoms)  and  create  a  nanostructure  on 
the  entire  surface.  The  contact  angle  and  contact  angle  hysteresis  of  the  lotus  leaf 
are  m  164  and  3°,  respectively  [207-209]. 

Superhydrophobic  surfaces  can  be  achieved  by  either  selecting  low-surface- 
energy  materials/coating,  or  by  introducing  roughness.  In  this  section,  we  discuss 
design,  fabrication,  and  characterization  of  roughness-induced  superhydrophobic 
and  self-cleaning  surfaces  by  mimicking  the  lotus  effect  [204,  205,  208-214]. 


23.5.1     Modeling  of  Contact  Angle  for  a  Liquid  Droplet 
in  Contact  with  a  Rough  Surface 


If  a  droplet  of  liquid  is  placed  on  a  smooth  surface,  the  liquid  and  solid  surfaces 
come  together  under  equilibrium  at  a  characteristic  angle  called  the  static  contact 
angle  90  (Fig.  23.44a).  The  contact  angle  can  be  determined  from  the  condition  of 
the  total  energy  of  the  system  being  minimized.  Next,  consider  a  rough  solid  surface 
with  a  typical  size  of  roughness  details  smaller  than  the  size  of  the  droplet  (of  the 
order  of  a  few  hundred  microns  or  larger)  (Fig.  23.44a).  For  a  droplet  in  contact 
with  a  rough  surface  without  air  pockets,  referred  to  as  a  homogeneous  interface, 
based  on  the  minimization  of  the  total  surface  energy  of  the  system,  the  contact 
angle  is  given  as  by  the  Wenzel  equation  [215] 
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Fig.  23.44    (a)  Schematic  of 
a  liquid  droplet  in  contact 
with  a  smooth  solid  surface 
(contact  angle  60)  and  a  rough 
solid  surface  (contact 
angle  9),  (b)  contact  angle 
for  rough  surface  (8)  as  a 
function  of  roughness  factor 
(R[)  for  various  contact  angles 
of  the  smooth  surface  (0O), 
and  (c)  schematic  of  round- 
topped  pyramidal  asperities 
with  complete  packing 
(after  [210]) 


Solid 

b        Contact  angle  (0) 
180 

'00=  150 


Solid 


cos  0  —  Rf  cos  0o 


(23.1) 


where  0  is  the  contact  angle  for  rough  surfaces  and  R[  is  a  roughness  factor  defined 
as  the  ratio  of  the  solid-liquid  area  ASL  divided  by  its  projection  onto  a  flat  plane  AF 


Rf 


Asl 

AF  • 


(23.2) 


The  dependence  of  the  contact  angle  on  the  roughness  factor  is  presented  in 
Fig.  23.44b  for  different  values  of  0o,  based  on  (23.1).  It  should  be  noted  that 
(23.1)  is  valid  only  for  moderate  roughness,  when  7?  f  cos  60  <  1.  The  graph  shows 
that,  with  an  increase  in  the  roughness  factor,  a  hydrophobic  surface  becomes  more 
hydrophobic,  whereas  a  hydrophilic  surface  becomes  even  more  hydrophilic.  As  an 
example,  Fig.  23.44c  shows  a  geometry  with  pyramidal  asperities  with  rounded 
tops,  which  has  complete  packing.  The  size  and  shape  of  the  asperities  can  be 
optimized  for  a  desired  roughness  factor. 
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Fig.  23.45    (a)  Schematic  of 
formation  of  a  composite 
solid-liquid-air  interface  for 
a  rough  surface;  (b)  /la 
requirement  for  a  hydrophilic 
surface  to  be  hydrophobic  as  a 
function  of  the  roughness 
factor  (Rf)  and  80  [205] 


b  /la 
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For  higher  roughness,  air  pockets  may  be  formed  between  the  asperities  on  the 
surface,  which  results  in  a  composite  interface  consisting  of  a  solid-liquid  and  a 
liquid-air  fraction  (Fig.  23.45a).  In  the  case  of  such  a  composite  interface,  the 
contact  angle  is  given  as  by  the  Cassie-Baxter  equation  [216] 


cos  0  =  Rf  cos  0q  —  ./LaC^i  cos  0q+  1), 


(23.3) 


where /LA  is  the  fractional  liquid-air  contact  area  of  the  liquid-air  interfaces  under 
the  droplet.  In  reality,  some  valleys  will  be  filled  with  liquid  and  others  with  air,  and 
the  value  of  the  contact  angle  is  between  the  values  predicted  by  (23.1)  and  (23.3). 
Examination  of  (23.3)  shows  that  the  contact  angle  increases  with  increasing  Rt  and 
/la-  Even  for  a  hydrophilic  surface,  the  contact  angle  increases  with  increasing 
/la-  At  a  high  enough  value  of/LA,  a  hydrophilic  surface  can  become  hydrophobic. 
The  value  of  /LA  at  which  a  hydrophilic  surface  could  turn  into  a  hydrophobic  one 
is  given  as  [206] 


/la> 


Rf cos  Oq 
Rf  cos  0o+l 


forfl<90°. 


(23.4) 


Figure  23.45b  shows  the  value  of  fLA  as  a  function  of  Rf  required  for  different 
contact  angles  90  for  a  hydrophilic  surface  to  become  hydrophobic.  The  graph 
shows  that,  unlike  the  so-called  Wenzel  regime,  in  the  so-called  Cassie-Baxter 
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Fig.  23.46   Tilted  surface 
profile  (tilt  angle  a)  with  a 
liquid  droplet;  advancing  and 
receding  contact  angles  are 
daAv  and  0rec,  respectively 


regime,  even  a  hydrophilic  surface  can  be  made  hydrophobic  at  a  certain  value  of 
/la  for  a  given  0Q. 

As  stated  earlier,  low  contact  angle  hysteresis  is  desirable  for  self -cleaning.  If  a 
droplet  sits  over  a  tilted  surface  (Fig.  23.46)  the  contact  angle  at  the  front  and  back 
of  the  droplet  corresponds  to  the  advancing  and  receding  contact  angle,  respec- 
tively. The  advancing  angle  is  greater  than  the  receding  angle,  which  results  in  the 
contact  angle  hysteresis.  Nosonovsky  and  Bhushan  [210]  derived  a  relationship  for 
contact  angle  hysteresis  as  a  function  of  roughness,  given  as 

0adv  -  <>»  =  (vT^U   Z0"-™6"   ■  (23.5) 

^  >      ^/2(/?f  cos  0o+l) 

Equation  (23.5)  shows  that  increasing  roughness  (high7?f)  and  decreasing  fractional 
liquid-air  contact  area  /LA  lead  to  an  increase  in  contact  angle  hysteresis  9H. 
Increasing  /LA  is  more  efficient  for  decreasing  0H;  therefore,  a  composite  interface 
is  desirable  for  self-cleaning. 

Formation  of  a  composite  interface  is  a  multiscale  phenomenon  which  depends 
upon  the  relative  sizes  of  the  liquid  droplet  and  roughness  details.  Stability  of 
the  composite  interface  is  an  important  issue.  Even  though  it  may  be  geometri- 
cally possible  for  the  system  to  become  composite,  it  may  not  be  energetically 
profitable  for  the  liquid  to  penetrate  into  valleys  between  asperities  to  form  a 
homogenous  interface.  The  destabilizing  factors  include  capillary  waves,  nano- 
droplet  condensation,  surface  inhomogeneity,  and  liquid  pressure.  Nosonovsky 
and  Bhushan  [210]  have  reported  that  convex  surfaces  lead  to  a  stable  interface. 
Microstructure  resists  capillary  waves  present  on  the  liquid-air  surface,  and 
nanostructures  prevent  nanodroplets  from  filling  the  valleys  between  the  asperi- 
ties and  pin  the  droplet.  Therefore,  hierarchical  structure  is  required  to  resist  these 
scale-dependent  mechanisms  resulting  in  high  contact  angle  and  low  contact 
angle  hysteresis. 


23.5.2    Fabrication  and  Characterization  of  Micro  structures, 
Nanostructures,  and  Hierarchical  Structures 

Various  structures  have  been  fabricated,  and  characterization  of  contact  angles  and 
adhesion  and  friction  has  been  carried  out,  to  validate  modeling  predictions  and 
provide  design  guidelines  [205,  208,  209,  211,  214]. 


902 


B.  Bhushan 


Micro-  and  Nanopatterned  Polymer  Surfaces 

Nanopatterned  poly(methyl  methacrylate)  (PMMA)  surfaces  were  fabricated  using 
soft  lithography.  To  realize  a  micropatterned  sample,  a  low-resolution  replica  of  a 
lotus  leaf  was  made  and  samples  were  fabricated  using  PMMA  and  polystyrene 
(PS)  [205].  Figure  23.47a  shows  SEM  images  of  the  samples  with  nanopatterns 
with  two  aspect  ratios  using  PMMA  and  with  micropatterns  of  lotus  replicas 
using  PMMA.  The  PMMA  surfaces  were  hydrophilic,  and  were  made  hydrophobic 
by  coating  them  with  a  self-assembled  monolayer  of  perfluorodecyltriethoxysi- 
lane  (PFDTES).  The  static  contact  angles  of  various  samples  are  presented  in 
Fig.  23.47b.  For  hydrophilic  surfaces,  the  contact  angle  decreases  with  roughness, 
while  for  hydrophobic  surfaces  it  increases.  Using  the  Wenzel  equation,  the  contact 
angles  of  the  hydrophobic  nanopatterned  and  micropatterned  surfaces  were  calcu- 
lated using  the  contact  angle  of  the  flat  surfaces  and  R{.  The  measured  contact 
angles  of  both  nanopatterned  samples  are  higher  than  the  calculated  values,  whereas 
for  the  lotus  pattern  these  are  comparable.  This  suggests  that  nanopatterns  benefit 
from  air  pocket  formation.  Furthermore,  pinning  at  the  top  of  the  nanopatterns 
stabilizes  the  droplet.  For  the  PS  material,  the  contact  angle  of  the  lotus  pattern  also 
increased  with  increasing  roughness  factor. 


Nanopattern 

PMMA  low  aspect  ratio  (LAR) 


Micropattern 

PMMA  lotus  replica 


Fig.  23.47  (continued) 
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Fig.  23.47  (a)  SEM  micrographs  of  the  two  nanopatterned  polymer  surfaces  (shown  using  two 
magnifications  to  show  both  the  asperity  shape  and  the  asperity  pattern  on  the  surface)  and  the 
micropatterned  polymer  surface  (lotus  pattern,  which  has  only  microstructures  on  the  surface). 
(b)  Contact  angles  for  various  patterned  surfaces  on  PMMA  and  PS  polymers,  and  calculated 
values  using  the  Wenzel  equation  (after  [205]) 

Micropatterned  Si  Surfaces 

Micropatterned  surfaces  with  a  square  grid  of  cylindrical  pillars  were  produced 
from  single-crystal  silicon  (Si)  using  photolithography  and  coated  with  a  self- 
assembled   monolayer,   making   them   hydrophobic    [205].   Micropatterns   were 
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fabricated  with  a  given  diameter  and  height  of  pillars  and  with  a  range  of  pitch 
values.  Optical  profiler  surface  height  maps  of  a  representative  sample  are  shown  in 
Fig.  23.48a.  Presence  of  Wenzel  or  Cassie-Baxter  regime  depends  upon  various 
factors,  including  the  radius  of  the  droplet  and  the  roughness  geometry.  A  transition 
criteria  has  been  proposed  by  Bhushan  and  Jung  [205],  which  provides  the  relation- 
ship for  droplet  radius  and  roughness  geometry  for  the  micropattern  discussed  here. 
For  a  small  droplet  suspended  on  a  patterned  surface,  the  local  deformation  is 
governed  by  surface  effects.  The  curvature  of  a  droplet  is  governed  by  the  Laplace 
equation.  For  the  patterned  surface,  the  maximum  droop  of  the  droplet  occurs  in  the 

a        Optical  profiler  surface  height  maps  of  micropatterned  Si  with  PF3 
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Fig.  23.48  (continued) 
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Fig.  23.48  (a)  Surface  height  maps  of  a  micropatterned  surface  using  an  optical  profiler  and  a  liquid 
droplet  on  the  micropatterned  surface,  shown  to  obtain  the  transition  criteria,  (b)  Static  contact 
angle  [dotted  line  represents  the  transition  criteria  range  obtained  using  (23.6)]  and  contact  angle 
hysteresis  and  tilt  angles  as  a  function  of  pitch  value  for  a  droplet  with  1  mm  radius  (5  ul  volume). 
Data  at  zero  pitch  correspond  to  a  flat  sample,  (c)  Radius  of  droplet  for  the  regime  transition  as 
a  function  of  pitch  values.  The  experimental  results  (circles)  are  compared  with  the  transition 
criterion  (solid  line,  (23.6))  for  the  patterned  surfaces  with  different  pitch  values.  This  figure  also 
shows  optical  micrographs  of  a  water  droplet  before  and  just  after  the  transition  (after  [205]) 
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center  of  the  square  formed  by  the  four  pillars,  as  shown  in  Fig.  23.48a.  The 
maximum  droop  of  the  droplet  can  be  found  in  the  middle  of  two  diagonally 
separated  pillars,  as  shown  in  the  figure,  i.e.,  (y2P  —  D)  /SR.  If  the  droop  is 
greater  than  the  depth  of  the  cavity,  then  the  droplet  will  just  contact  the  bottom 
of  the  cavities  between  pillars.  If  it  is  much  greater,  transition  occurs  from  the 
Cassie-Baxter  to  the  Wenzel  regime  for 

(V2P-D)2 

-£ "  H-  (23-6) 

Figure  23.48b  shows  the  static  contact  angle,  contact  angle  hysteresis,  and  tilt 
angle  as  a  function  of  pitch  for  a  droplet  with  1  mm  radius  (5  ul  volume).  The 
contact  angle  of  selected  patterned  surfaces  is  much  higher  than  that  of  the  flat 
surface.  It  first  increases  with  increasing  pitch  values,  then  drops  rapidly  to  a  value 
slightly  higher  than  that  for  the  flat  surface.  In  the  first  portion  of  the  curve,  it  jumps 
to  a  high  value  corresponding  to  a  superhydrophobic  surface  and  continues  to 
increase  because  open  air  space  increases  with  increasing  pitch,  responsible  for 
the  greater  propensity  for  air  pocket  formation.  The  sudden  drop  at  a  pitch  value  of 
rs  50  urn  corresponds  to  the  transition  from  the  Cassie-Baxter  to  the  Wenzel 
regime.  The  dotted  line  corresponds  to  the  value  predicted  from  the  transition 
criteria  presented  in  (23.6);  the  measured  and  predicted  values  are  close. 

Figure  23.48b  shows  contact  angle  hysteresis  and  tilt  angle  as  a  function  of  pitch. 
Both  angles  are  comparable.  The  angle  first  increases  with  increasing  pitch,  which 
has  to  do  with  pinning  of  the  droplet  at  the  sharp  edges  of  the  micropillars.  As  the 
pitch  increases,  there  is  greater  propensity  for  air  pocket  formation  and  fewer  sharp 
edges  per  unit  area,  which  is  responsible  for  the  sudden  drop  in  angle.  Above  a  pitch 
value  of  50  um,  the  angle  increases  very  rapidly  because  of  transition  to  the  Wenzel 
regime. 

Droplet  evaporation  experiments  have  been  conducted  to  investigate  how  droplet 
size  influences  this  transition  [206].  Figure  23.48c  shows  the  radius  of  a  droplet  at 
which  transition  occurs  as  a  function  of  pitch  values.  The  experimental  results 
(circles)  are  compared  with  the  transition  criterion  (solid  line,  23.6).  It  is  found 
that  the  critical  radius  of  impalement  is  in  good  agreement  with  our  predictions.  The 
critical  radius  of  the  droplet  increases  linearly  with  the  pitch  value.  For  surfaces  with 
small  pitch,  the  critical  radius  of  the  droplet  can  become  quite  small.  This  figure  also 
shows  optical  micrographs  of  a  water  droplet  before  and  just  after  transition.  Before 
the  transition,  air  pockets  are  clearly  visible  at  the  bottom  area  of  the  droplet,  but 
after  the  transition,  air  pockets  are  not  found  at  the  bottom  of  the  droplet. 

Based  on  the  data  above,  one  can  achieve  a  very  high  contact  angle  («  170°)  and 
very  low  contact  angle  hysteresis  («  2°)  at  the  critical  pitch  value. 


Surfaces  with  Microstructure,  Nanostructure,  and  Hierarchical  Structure 

It  has  been  reported  earlier  that  a  hierarchical  surface  is  needed  to  a  develop  a 
composite  interface  with  high  stability.  The  structure  of  an  ideal  hierarchical 
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Fig.  23.49  Schematic  of  an  ideal  hierarchical  surface.  Microasperities  consist  of  circular  pillars 
with  diameter  D,  height  H,  and  pitch  P.  Nanoasperities  consist  of  pyramidal  nanoasperities  of 
height  h  and  diameter  d  with  rounded  tops  (after  [206]) 


surface  is  shown  in  Fig.  23.49.  The  asperities  should  be  high  enough  that  the  droplet 
does  not  touch  the  valleys.  As  an  example,  for  a  structure  with  circular  pillars,  the 
following  relationship  should  hold  for  a  composite  interface:  {-s/2P  —  D)  /R<H 
(23.6).  As  an  example,  for  a  droplet  with  a  radius  on  the  order  of  1  mm  or  larger,  a 
value  of  H  of  the  order  of  30  um,  and  D  of  the  order  of  15  um,  aPof  the  order  of 
130  um  is  optimum.  Nanoasperities  can  pin  the  liquid-air  interface  and  thus 
prevent  liquid  from  filling  the  valleys  between  asperities.  They  are  also  required 
to  support  nanodroplets,  which  may  condense  in  the  valleys  between  large  aspe- 
rities. Therefore,  nanoasperities  should  have  a  small  pitch  to  handle  nanodroplets, 
with  radius  <  1  mm  down  to  a  few  nm.  Structures  with  values  of  h  of  the  order  of 
10  nm  and  d  of  the  order  of  100  nm  can  be  easily  fabricated. 

Bhushan  et  al.  [208,  209,  211]  and  Koch  et  al.  [214]  fabricated  surfaces  with 
microstructure,  nanostructure,  and  hierarchical  structure.  A  two-step  molding  pro- 
cess was  used  to  fabricate  microstructures  by  creating  identical  copies  of  a  micro- 
patterned  Si  surface  and  lotus  leaves.  Nanostructures  were  created  by  self-assembly 
of  evaporating  synthetic  and  plant  waxes.  Alkanes  of  varying  chain  length  are 
common  hydrophobic  compounds  of  plant  waxes.  The  alkane  «-hexatriacontane 
(C36H74)  was  used  for  the  development  of  platelet  nanostructures.  Tubule-forming 
waxes,  isolated  from  leaves  of  Tropaeolum  majus  (L.)  andNelumbo  nucifera  (lotus), 
were  used  to  create  tubule  structures.  Figure  23.50a  shows  SEM  micrographs  of 
a  hierarchical  structure  surface  using  lotus  wax  on  lotus  replica  and  micropatterned 
Si  replica.  The  amount  of  wax  used  for  evaporation  was  0.8  ug/mm2.  In  order 
to  grow  tubules,  the  specimens  were  placed  in  a  chamber  saturated  with  ethanol 
vapor  at  50°C.  The  static  contact  angle,  contact  angle  hysteresis,  tilt  angle,  and 
adhesive  forces  for  various  samples  are  shown  in  Fig.  23.50b.  Figure  23.50b  shows 
that  the  highest  static  contact  angles  of  173°,  lowest  contact  angle  hysteresis  of 
1°,  and  tilting  angle  varying  between  1  and  2°  were  found  for  the  hierarchical 
structured  Si  replica.  The  hierarchical  structured  lotus  leaf  replica  shows  a  static 
contact  angle  of  171°,  the  same  contact  angle  hysteresis  (2°),  and  tilt  angles  of  1-2°, 
similar  to  that  of  the  hierarchical  Si  replica.  Fresh  lotus  leaf  surface  was  reported  to 
have  a  static  contact  angle  of  164°,  contact  angle  hysteresis  of  3°,  and  a  tilt  angle  of 
3°.  Therefore,  the  artificial  hierarchical  surfaces  showed  higher  static  contact  angle 
and  lower  contact  angle  hysteresis.  Structural  differences  between  the  original  lotus 
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Fig.  23.50  (continued) 

leaf  and  the  artificial  lotus  leaf  described  here  are  limited  to  a  difference  in  wax 
tubule  length,  which  is  0.5-1  urn  longer  in  the  artificial  lotus  leaf. 

Self-cleaning  efficiency  tests  have  also  been  carried  out  by  Bhushan  et  al.  [208]. 
The  samples  were  exposed  to  contaminants  in  a  contamination  glass  chamber  and 
then  cleaned  with  water  droplets.  Figure  23.50c  shows  that  none  of  the  investigated 
surfaces  was  fully  cleaned  by  water  rinsing.  Most  particles  (70-80%)  remained  on 
smooth  surfaces,  and  50-70%  of  particles  were  found  on  microstructured  surfaces. 
Most  particles  were  removed  from  the  hierarchical  structured  surfaces,  but  rj  30% 
of  the  particles  remained.  A  clear  difference  in  particle  removal,  independent  of 
particle  size,  was  only  found  for  flat  and  nanostructured  surfaces,  where  larger 
particles  were  removed  with  higher  efficiency.  Observations  of  droplet  behavior 
during  movement  on  the  surfaces  showed  that  droplets  rolled  only  on  the  hierarchi- 
cal structured  surfaces.  On  flat,  microstructured,  and  nanostructured  surfaces,  the 
first  droplets  applied  did  not  move,  but  continuous  application  of  water  droplets 
increased  their  volumes  and  led  to  sliding  of  these  larger  droplets.  During  this,  some 
of  the  particles  were  removed  from  the  surfaces.  However,  the  droplets  rolling  on 
hierarchical  structures  did  not  collect  dirt  particles  trapped  in  the  cavities  of  the 
microstructures.  The  data  clearly  show  that  hierarchical  structures  have  superior 
cleaning  efficiency. 


23.5.3     Summary 


In  the  Wenzel  regime,  an  increase  in  roughness  on  a  hydrophilic  surface  decreases 
the  contact  angle,  whereas  on  a  hydrophobic  surface  it  increases  contact  angle. 
However,  in  the  Cassie-Baxter  regime,  air  pocket  formation  can  change  a  hydro- 
philic surface  to  a  hydrophobic  surface.  Based  on  studies  to  explore  the  effect  of 
droplet  size  and  roughness  geometry,  the  transition  from  the  Cassie-Baxter  regime 
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Fig.  23.50  (a)  SEM  micrographs  of  hierarchical  structure  using  lotus  and  micropatterned  Si 
replicas,  (b)  Bar  chart  showing  the  measured  static  contact  angle,  contact  angle  hysteresis,  and 
tilt  angle  on  various  structures.  The  bar  chart  also  shows  adhesive  forces  for  various  structures.  The 
error  bars  represents  ±1  standard  deviation  [214].  (c)  Bar  charts  showing  remaining  particles  after 
applying  droplets  with  nearly  zero  kinetic  energy  on  various  structures  fabricated  using  lotus  wax 
using  1-10  um  and  10-15  um  SiC  particles.  The  experiments  on  the  surfaces  with  lotus  wax  were 
carried  out  on  stages  tilted  at  3°.  The  error  bars  represent  ±1  standard  deviation  (after  [208]) 

to  the  Wenzel  regime  occurs  below  a  certain  radius  of  droplet  and/or  above  a  certain 
pitch  value. 

For  fluid  flow  applications,  for  drag  reduction,  a  surface  should  have  high 
contact  angle  and  low  contact  angle  hysteresis.  This  condition  should  be  achieved 
by  a  high  value  of  fractional  liquid-air  contact  area,/LA,  and  relatively  low  value  of 
roughness  factor,  Rt. 

The  fabricated  hierarchical  surface  shows  a  high  static  contact  angle  of  w  170° 
and  low  contact  angle  hysteresis  of  «  2°,  which  provide  superior  superhydrophobic 
and  self-cleaning  surfaces. 


23.6     Component-Level  Studies 


23.6.1     Surface  Roughness  Studies  of  Micromotor  Components 


Most  of  the  friction  forces  resisting  motion  in  a  micromotor  are  concentrated  near 
the  rotor-hub  interface,  where  continuous  physical  contact  occurs.  Surface  rough- 
ness usually  has  a  strong  influence  on  the  friction  characteristics  on  the  micro- 
nanoscale.  A  catalog  of  roughness  measurements  on  various  components  of  a 
MEMS  device  does  not  exist  in  the  literature.  Using  an  AFM,  measurements  on 
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Table  23.7    Surface  roughness  parameters  and  microscale  coefficient  of  friction  for  various 
micromotor  component  surfaces  measured  using  an  AFM.  Mean  and  ±  1  a  values  are  given 


RMS  roughness11 

P-V  distance" 

Skewness"  Sk 

Kurtosis" 

Coefficient  of 

(run) 

(nm) 

K 

microscale 
friction   (fi) 

Rotor  topside 

21  ±  0.6 

225  ±  23 

1.4  ±  0.30 

6.1  ±  1.7 

0.07  ±  0.02 

Rotor  underside 

14  ±  2.4 

80  ±  11 

-  1.0  ±  0.22 

3.5  ±  0.50 

0.11  ±  0.03 

Stator  topside 

19  ±  1 

246  ±  21 

1.4  ±  0.50 

6.6  ±  1.5 

0.08  ±  0.01 

"Measured  from  a  tapping-mode  AFM  scan  of  size  5  um  x  5  um  using  a  standard  Si  tip  scanning 
at  5  pm/s  in  a  direction  orthogonal  to  the  long  axis  of  the  cantilever 

Measured  using  an  AFM  in  contact  mode  at  5  um  x  5  pm  scan  size  using  a  standard  Si3N4  tip 
scanning  at  10  pm/s  in  a  direction  parallel  to  the  long  axis  of  the  cantilever 

various  component  surfaces  were  made  for  the  first  time  by  Sundararajan  and 
Bhushan  [217].  Table  23.7  shows  various  surface  roughness  parameters  obtained 
from  5  um  x  5  um  scans  of  the  various  component  surfaces  of  several  unlubri- 
cated  micromotors  using  the  AFM  in  tapping  mode.  A  surface  with  a  Gaussian 
height  distribution  should  have  a  skewness  of  0  and  kurtosis  of  3 .  Although  the  rotor 
and  stator  top  surfaces  exhibit  comparable  roughness  parameters,  the  underside  of 
the  rotors  exhibits  lower  root-mean-square  (RMS)  roughness  and  peak-to-valley 
distance  values.  More  importantly,  the  rotor  underside  shows  negative  skewness 
and  lower  kurtosis  than  the  topsides,  both  of  which  are  conducive  to  high  real  area 
of  contact  and  hence  high  friction  [80,  82].  The  rotor  underside  also  exhibits  a 
higher  coefficient  of  microscale  friction  than  the  rotor  topside  and  stator,  as  shown 
in  Table  23.7.  Figure  23.5 1  shows  representative  surface  height  maps  of  the  various 
surfaces  of  a  micromotor  measured  using  the  AFM  in  tapping  mode.  The  rotor 
underside  exhibits  varying  topography  from  the  outer  edge  to  the  middle  and  inner 
edge.  At  the  outer  edges,  the  topography  shows  smaller  circular  asperities,  similar 
to  the  topside.  The  middle  and  inner  regions  show  deep  pits  with  fine  edges  that  may 
have  been  created  by  the  etchants  used  for  etching  of  the  sacrificial  layer.  It  is 
known  that  etching  can  affect  the  roughness  of  surfaces  in  surface  micromachining. 
The  residence  time  of  the  etchant  near  the  inner  region  is  high,  which  is  responsible 
for  the  larger  pits.  Figure  23.52  shows  the  roughness  of  the  surface  directly  beneath 
the  rotors  (the  base  poly  silicon  layer).  There  appears  to  be  a  difference  in  the 
roughness  between  the  portion  of  this  surface  that  was  initially  underneath  the 
rotor  (region  B)  during  fabrication  and  the  portion  that  was  away  from  the  rotor  and 
hence  always  exposed  (region  A).  The  former  region  shows  lower  roughness  than 
the  latter  region.  This  suggests  that  the  surfaces  at  the  rotor-hub  interface  that  come 
into  contact  at  the  end  of  the  fabrication  process  exhibit  large  real  areas  of  contact 
that  result  in  high  friction. 


23.6.2    Adhesion  Measurements  of  Microstructures 

Surface  force  apparatus  (SFA)  and  AFMs  are  used  to  measure  adhesion  on  micro- 
to   nanoscales   between   two   surfaces.   In   the   SFA,   adhesion   of  liquid   films 
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Fig.  23.51  Representative  AFM  surface  height  images  obtained  in  tapping  mode  (5  um  x  5  pm 
scan  size)  of  various  component  surfaces  of  a  micromotor;  root-mean-square  (RMS)  roughness 
and  peak-to-valley  values  of  the  surfaces  are  given.  The  underside  of  the  rotor  exhibits  drastically 
different  topography  from  the  topside  (after  [217]) 


sandwiched  between  two  curved  and  smooth  surfaces  is  measured.  In  an  AFM,  as 
discussed  earlier,  adhesion  between  a  sharp  tip  and  the  surface  of  interest  is 
measured.  The  propensity  for  adhesion  between  two  surfaces  can  be  evaluated  by 
studying  the  tendency  of  microstructures  with  well-defined  contact  areas,  covering 
a  wide  spectrum  of  suspension  compliances,  to  stick  to  the  underlying  substrate. 
The  test  structures  which  have  been  used  include  the  cantilever  beam  array  (CBA) 
technique  with  different  lengths  [218,  219,  220,  221]  and  stand-off  multiple  dim- 
ples mounted  on  microstructures  with  a  range  of  compliances,  standing  above  a 
substrate  [222].  The  CBA  technique,  which  is  more  commonly  used,  utilizes  an 
array  of  micromachined  polysilicon  beams  (for  Si  MEMS  applications)  on  the 


23     MEMS/NEMS  and  BioMEMS/BioNEMS:  Materials,  Devices,  and  Biomimetics 


913 


Fig.  23.52    Surface  height 
images  of  polysilicon  regions 
directly  below  the  rotor. 
Region  A  is  away  from  the 
rotor  while  region  B  was 
initially  covered  by  the  rotor 
prior  to  the  release  etch  of  the 
rotor.  During  this  step,  slight 
movement  of  the  rotor  caused 
region  B  to  be  exposed 
(after  [217]) 
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mesoscopic  length  scale,  anchored  to  the  substrate  at  one  end  and  with  different 
lengths  parallel  to  the  surface.  It  relies  on  peeling  and  detachment  of  cantilever 
beams.  The  change  in  free  energy  or  the  reversible  work  done  to  separate  unit  areas 
of  two  surfaces  from  contact  is  called  the  work  of  adhesion.  To  measure  the  work  of 
adhesion,  electrostatic  actuation  is  used  to  bring  all  beams  into  contact  with  the 
substrate  (Fig.  23.53)  [218,  220].  Once  the  actuation  force  is  removed,  the  beams 
begin  to  peel  themselves  off  the  substrate,  which  can  be  observed  with  an  optical 
interference  microscope  (e.g.,  a  Wyko  surface  profiler).  For  beams  shorter  than  a 
characteristic  length,  the  so-called  detachment  length,  their  stiffness  is  sufficient  to 
free  them  completely  from  the  substrate  underneath.  Beams  larger  than  the  detach- 
ment length  remain  adhered.  The  beams  at  the  transition  region  start  to  detach  and 
remain  attached  to  the  substrate  just  at  the  tips.  For  this  case,  by  equating  the  elastic 
energy  stored  within  the  beam  and  the  beam-substrate  interfacial  energy,  the  work 
of  adhesion  W^  can  be  calculated  by  [218] 


Wad  = 


3Edzf 


2,3 


(23.7) 


where  E  is  the  Young's  modulus  of  the  beam,  d  is  the  spacing  between  the 
undeflected  beam  and  the  substrate,  t  is  the  beam  thickness,  and  £d  is  the  detachment 
length.  The  technique  has  been  used  to  screen  methods  for  adhesion  reduction  in 
polysilicon  microstructures. 
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Fig.  23.53  SEM  micrograph 
of  a  micromachined  array  of 
polysilicon  cantilever  beams 
of  increasing  length.  The 
micrograph  shows  the  onset 
of  pinning  for  beams  longer 
than  34  urn  (after  [218]) 


23.6.3    Microtriboapparatus  for  Adhesion,  Friction,  and  Wear 
of  Microcomponents 


To  measure  adhesion,  friction,  and  wear  between  two  microcomponents,  a  micro- 
triboapparatus has  been  used.  Figure  23.54  shows  a  schematic  of  a  microtriboap- 
paratus capable  of  using  MEMS  components  for  tests  [223].  In  this  apparatus,  an 
upper  specimen,  mounted  on  a  soft  cantilever  beam,  comes  into  contact  with  a 
lower  specimen  mounted  on  a  lower  specimen  holder.  The  apparatus  consists  of  two 
piezos  (a-  and  z-piezos)  and  four  fiber-optic  sensors  (a-  and  z-displacement  sensors, 
and  x-  and  z-force  sensors).  For  adhesion  and  friction  studies,  z-  and  x-piezos  are 
used  to  bring  the  upper  specimen  and  lower  specimen  into  contact  and  to  apply  a 
relative  motion  in  the  lateral  direction,  respectively.  The  x-  and  z-displacement 
sensors  are  used  to  measure  the  lateral  position  of  the  lower  specimen  and  vertical 
position  of  the  upper  specimen,  respectively.  The  x-  and  z-force  sensors  are  used  to 
measure  friction  force  and  the  normal  load/adhesive  force  between  these  two 
specimens,  respectively,  by  monitoring  the  deflection  of  the  cantilever. 

As  most  MEMS/NEMS  devices  are  fabricated  from  silicon,  study  of  silicon-on- 
silicon  contacts  is  important.  This  contact  was  simulated  by  a  flat  single-crystal  Si 
(100)  wafer  (phosphorus-doped)  specimen  sliding  against  a  single-crystal  Si(100) 
ball  (1  mm  in  diameter,  5  x  1017  atoms/cnr  boron  doped)  mounted  on  a  stainless- 
steel  cantilever  [223,  224].  Both  of  them  have  a  native  oxide  layer  on  their  surfaces. 
The  other  materials  studied  were  10  nm-thick  DLC  deposited  by  filtered  cathodic 
arc  deposition  on  Si(100),  2.3  nm-thick  chemically  bonded  PFPE  (Z-DOL,  BW)  on 
Si(100),  and  hexadecane  thiol  (HDT)  monolayer  on  evaporated  Au(lll)  film  to 
investigate  their  anti-adhesion  performance. 

It  is  well  known  that,  in  computer  rigid  disk  drives,  the  adhesive  force  between  a 
magnetic  head  and  a  magnetic  disk  increases  rapidly  with  increasing  rest  time  [34]. 
Considering  that  adhesion  and  friction  are  the  major  issues  that  lead  to  the  failure  of 
MEMS/NEMS  devices,  the  effect  of  rest  time  on  the  microscale  on  Si(100),  DLC, 
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Fig.  23.54  Schematic  of  the  microtriboapparatus  including  specially  designed  cantilever  (with 
two  perpendicular  mirrors  attached  to  the  end),  lower  specimen  holder,  two  piezos  (x-  and 
z-piezos),  and  four  fiber-optic  sensors  (x-  and  z-displacement  sensors  and  x-  and  z-force  sensors) 
(after  [223]) 


PFPE,  and  HDT  was  studied;  the  results  are  summarized  in  Fig.  23.55a.  It  is  found 
that  the  adhesive  force  of  Si(100)  increases  logarithmically  with  rest  time  up  to  a 
certain  equilibrium  time  (t  =  1,000  s),  after  which  it  remains  constant.  Figure 
23.55a  also  shows  that  the  adhesive  force  of  DLC,  PFPE,  and  HDT  does  not  change 
with  rest  time.  Single-asperity  contact  modeling  of  the  dependence  of  meniscus 
force  on  rest  time  has  been  carried  out  by  Chilamakuri  and  Bhushan  [225],  and  the 
modeling  results  (Fig.  23.55b)  verify  experimental  observations.  Due  to  the  pres- 
ence of  a  thin  film  of  adsorbed  water  on  Si(100),  a  meniscus  forms  around  the 
contacting  asperities  and  grows  with  time  until  equilibrium  occurs,  which  causes 
the  effect  of  rest  time  on  its  adhesive  force.  The  adhesive  forces  of  DLC,  PFPE,  and 
HDT  do  not  change  with  rest  time,  which  suggests  that  the  water  meniscus  is  not 
present  on  their  surfaces. 

The  measured  adhesive  forces  of  Si(100),  DLC,  PFPE,  and  HDT  at  rest  time  of 
1  s  are  summarized  in  Fig.  23.56,  which  shows  that  the  presence  of  solid  films 
of  DLC,  PFPE,  and  HDT  greatly  reduces  the  adhesive  force  of  Si(100),  whereas 
HDT  film  has  the  lowest  adhesive  force.  It  is  well  known  that  the  native  oxide  layer 
(SiC>2)  on  top  of  the  Si(100)  wafer  exhibits  hydrophilic  properties,  and  water 
molecules,  produced  by  capillary  condensation  of  water  vapor  from  the  environ- 
ment, can  easily  be  adsorbed  on  this  surface.  The  condensed  water  will  form  a 
meniscus  as  the  upper  specimen  approaches  the  lower  specimen  surface.  The 
meniscus  force  is  a  major  contributor  to  the  adhesive  force.  In  the  case  of  DLC, 
PFPE,  and  HDT,  the  films  are  found  to  be  hydrophobic  based  on  contact  angle 
measurements,  and  the  amount  of  condensed  water  vapor  is  low  as  compared  with 
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Fig.  23.55    (a)  Influence  of 
rest  time  on  the  adhesive 
force  of  Si(100),  DLC, 
chemically  bonded  PFPE,  and 
HDT.  (b)  Single-asperity 
contact  modeling  results  of 
the  effect  of  rest  time  on  the 
meniscus  force  for  an  asperity 
of  radius  R  in  contact  with  a 
flat  surface  with  a  water 
film  of  thickness  of  h0  and 
absolute  viscosity  of 
Tio  (after  [225]) 
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that  on  Si(100).  It  should  be  noted  that  the  measured  adhesive  force  is  generally 
higher  than  that  measured  in  AFM,  because  the  larger  radius  of  Si(100)  ball  as 
compared  with  that  of  an  AFM  tip  induces  larger  meniscus  and  van  der  Waals  forces. 
To  investigate  the  effect  of  velocity  on  friction,  the  friction  force  was  measured 
as  a  function  of  velocity,  as  summarized  in  Fig.  23.57a.  This  indicates  that,  for  Si 
(100),  the  friction  force  initially  decreases  with  increasing  velocity  until  equilib- 
rium occurs.  Figure  23.57a  also  indicates  that  the  velocity  has  almost  no  effect  on 
the  friction  properties  of  DLC,  PFPE,  and  HDT.  This  implies  that  the  friction 
mechanisms  of  DLC,  PFPE,  and  HDT  do  not  change  with  velocity.  For  Si(100), 
at  high  velocity,  the  meniscus  is  broken  and  does  not  have  enough  time  to  rebuild. 
In  addition,  it  is  also  believed  that  tribochemical  reaction  plays  an  important  role. 
High  velocity  leads  to  tribochemical  reactions  of  Si(100)  (which  has  SiC>2  native 
oxide)  with  water  molecules  to  form  Si(OH)4  film.  This  film  is  removed  and 
continuously  replenished  during  sliding.  The  Si(OH)4  layer  at  the  sliding  surface 
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Fig.  23.56    Adhesive  forces 
of  Si(100),  DLC,  chemically 
bonded  PFPE,  and  HDT  at 
ambient  condition,  and  a 
schematic  showing  the 
relative  size  of  the  water 
meniscus  on  different 
specimens 
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Fig.  23.57  The  influence  of  (a)  sliding  velocity  on  the  friction  forces,  (b)  relative  humidity  on  the 
adhesive  and  friction  forces,  and  (c)  temperature  on  the  adhesive  and  friction  forces  of  Si(100), 
DLC,  chemically  bonded  PFPE,  and  HDT 


is  known  to  be  of  low  shear  strength.  The  breaking  of  the  water  meniscus  and  the 
formation  of  the  Si(OH)4  layer  results  in  a  decrease  in  the  friction  force  of  Si(100). 
The  DLC,  PFPE,  and  HDT  surfaces  exhibit  hydrophobic  properties,  and  can  adsorb 
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few  water  molecules  under  ambient  conditions.  The  aforementioned  meniscus 
breaking  and  tribochemical  reaction  mechanisms  do  not  exist  for  these  films. 
Therefore,  their  friction  force  does  not  change  with  velocity. 

The  influence  of  relative  humidity  was  studied  in  an  environmentally  controlled 
chamber.  The  adhesive  force  and  friction  force  were  measured  by  making  measure- 
ments at  increasing  relative  humidity;  the  results  are  summarized  in  Fig.  23.57b, 
which  shows  that,  for  Si(100),  the  adhesive  force  increases  with  relative  humidity, 
but  the  adhesive  force  of  DLC  and  PFPE  only  shows  a  slight  increase  when 
humidity  is  >  45%,  while  the  adhesive  force  of  HDT  does  not  change  with 
humidity.  Figure  23.57b  also  shows  that,  for  Si(100),  the  friction  force  increases 
with  an  increase  in  relative  humidity  up  to  45%,  and  then  it  shows  a  slight  decrease 
with  further  increase  in  the  relative  humidity.  For  PFPE,  there  is  an  increase  in  the 
friction  force  when  humidity  is  >  45%.  In  the  whole  testing  range,  relative  humid- 
ity does  not  have  any  apparent  influence  on  the  friction  properties  of  DLC  and 
HDT.  In  the  case  of  Si(100),  the  initial  increase  of  relative  humidity  up  to  45% 
causes  more  adsorbed  water  molecules,  which  form  a  larger  water  meniscus  that 
leads  to  an  increase  of  friction  force.  However,  at  very  high  humidity  of  65%,  large 
quantities  of  adsorbed  water  can  form  a  continuous  water  layer  that  separates  the  tip 
and  sample  surfaces,  and  acts  as  a  kind  of  lubricant,  which  causes  a  decrease  in  the 
friction  force.  For  PFPE,  dewetting  of  lubricant  film  at  humidity  >  45%  results  in 
an  increase  in  adhesive  and  friction  forces.  The  DLC  and  HDT  surfaces  show 
hydrophobic  properties,  and  increasing  relative  humidity  does  not  play  much  of  a 
role  in  their  friction  force. 

The  influence  of  temperature  was  studied  using  a  heated  stage.  The  adhesive 
force  and  friction  force  were  measured  by  making  measurements  at  increasing 
temperatures  from  22°C  to  125°C.  The  results  are  presented  in  Fig.  23.57c,  which 
shows  that,  once  the  temperature  is  >  50°C,  increasing  temperature  causes  a 
significant  decrease  of  adhesive  and  friction  forces  of  Si(100)  and  a  slight  decrease 
in  the  case  of  DLC  and  PFPE.  However,  the  adhesion  and  friction  forces  of  HDT  do 
not  show  any  apparent  change  with  test  temperature.  At  high  temperature,  desorp- 
tion  of  water  and  reduction  of  the  surface  tension  of  water  lead  to  the  decrease  of 
adhesive  and  friction  forces  of  Si(100),  DLC,  and  PFPE.  However,  in  the  case 
of  HDT  film,  as  only  a  few  water  molecules  are  adsorbed  on  the  surface,  the 
aforementioned  mechanisms  do  not  play  a  large  role.  Therefore,  the  adhesive  and 
friction  forces  of  HDT  do  not  show  any  apparent  change  with  temperature.  Figure 
23.57  shows  that,  in  the  whole  velocity,  relative  humidity,  and  temperature  test 
range,  the  adhesive  force  and  friction  force  of  DLC,  PFPE,  and  HDT  are  always 
smaller  than  that  of  Si(100),  whereas  HDT  has  the  smallest  value. 

To  summarize,  several  methods  can  be  used  to  reduce  adhesion  in  microstruc- 
tures.  MEMS/NEMS  surfaces  can  be  coated  with  hydrophobic  coatings  such  as 
PFPEs,  SAMs,  and  passivated  DLC  coatings.  It  should  be  noted  that  other  methods 
to  reduce  adhesion  include  the  formation  of  dimples  on  the  contact  surfaces  to 
reduce  contact  area  [13,  80,  82,  84,  154,  155,  220].  Furthermore,  an  increase  in  the 
hydrophobicity  of  solid  surfaces  (high  contact  angle,  approaching  180°)  can  be 
achieved  by  using  surfaces  with  suitable  roughness,  in  addition  to  lowering  their 
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surface  energy  [204,  205,  210].  The  hydrophobicity  of  surfaces  is  dependent  upon  a 
subtle  interplay  between  surface  chemistry  and  mesoscopic  topography.  The  self- 
cleaning  mechanism  or  so-called  lotus  effect  is  closely  related  to  the  superhydro- 
phobic  properties  of  the  biological  surfaces,  which  usually  show  microsculptures  on 
specific  scales. 


23.6.4    Static  Friction  Force  (Stiction)  Measurements  in  MEMS 

In  MEMS  devices  involving  parts  in  relative  motion  to  each  other,  such  as  micro- 
motors, large  friction  forces  become  the  factor  limiting  the  successful  operation  and 
reliability  of  the  device.  It  is  generally  known  that  most  micromotors  cannot  be 
rotated  as  manufactured  and  require  some  form  of  lubrication.  It  is  therefore  critical 
to  determine  the  friction  forces  present  in  such  MEMS  devices.  To  measure  the 
static  friction  of  a  rotor-bearing  interface  in  a  micromotor  in  situ,  Tai  and  Muller 
[226]  measured  the  starting  torque  (voltage)  and  pausing  position  for  different 
starting  positions  under  a  constant  bias  voltage.  A  friction-torque  model  was 
used  to  obtain  the  coefficient  of  static  friction.  To  measure  the  in  situ  kinetic 
friction  of  the  turbine  and  gear  structures,  Gabriel  et  al.  [227]  used  a  laser-based 
measurement  system  to  monitor  the  steady-state  spins  and  decelerations.  Lim  et  al. 
[228]  designed  and  fabricated  a  polysilicon  microstructure  to  measure  the  static 
friction  of  various  films  in  situ.  The  microstructure  consisted  of  a  shuttle  suspended 
above  an  underlying  electrode  by  a  folded  beam  suspension.  A  known  normal  force 
was  applied,  and  the  lateral  force  was  measured  to  obtain  the  coefficient  of  static 
friction.  Beerschwinger  et  al.  [229]  developed  a  cantilever-deflection  rig  to  measure 
the  friction  in  LIGA-processed  micromotors  [230].  These  techniques  employ  indi- 
rect methods  to  determine  the  friction  forces,  or  involve  fabrication  of  complex 
structures. 

A  novel  technique  to  measure  the  static  friction  force  (stiction)  encountered  in 
surface-micromachined  polysilicon  micromotors  using  an  AFM  has  been  devel- 
oped by  Sundararajan  and  Bhushan  [217].  Continuous  physical  contact  occurs 
during  rotor  movement  (rotation)  in  micromotors  between  the  rotor  and  lower 
hub  flange.  In  addition,  contact  occurs  at  other  locations  between  the  rotor  and 
the  hub  surfaces  and  between  the  rotor  and  the  stator.  Friction  forces  will  be  present 
at  these  contact  regions  during  motor  operation.  Although  the  actual  distribution  of 
these  forces  is  not  known,  they  can  be  expected  to  be  concentrated  near  the  hub, 
where  there  is  continuous  contact.  If  we  therefore  represent  the  static  friction  force 
of  the  micromotor  as  a  single  force  Fs  acting  at  point  P]  (as  shown  in  Fig.  23.58a), 
then  the  magnitude  of  the  frictional  torque  about  the  center  of  the  motor  (O)  that 
must  be  overcome  before  rotor  movement  can  be  initiated  is 
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Fig.  23.58  (a)  Schematic  of  the  technique  used  to  measure  the  force  Fs  required  to  initiate  rotor 
movement  using  an  AFM/FFM.  (b)  As  the  tip  is  pushed  against  the  rotor,  the  lateral  deflection 
experienced  by  the  rotor  due  to  the  twisting  of  the  tip  prior  to  rotor  movement  is  a  measure  of  the 
static  friction  force  Fs  of  the  rotors,  (c)  Schematic  of  the  lateral  deflection  expected  during  the 
aforementioned  experiment.  The  peak  Vf  is  related  to  the  state  of  the  rotor  (after  [217]) 


where  £1  is  the  distance  OPi,  which  is  assumed  to  be  the  average  distance  from  the 
center  at  which  the  friction  force  Fs  occurs.  Now  consider  an  AFM  tip  moving 
against  a  rotor  arm  in  a  direction  perpendicular  to  the  long  axis  of  the  cantilever 
beam  (the  rotor  arm  edge  closest  to  the  tip  is  parallel  to  the  long  axis  of  the 
cantilever  beam),  as  shown  in  Fig.  23.58a.  When  the  tip  encounters  the  rotor  at 
point  P2,  the  tip  will  twist,  generating  a  lateral  force  between  the  tip  and  the  rotor 
(event  A  in  Fig.  23.58b).  This  reaction  force  will  generate  a  torque  about  the  center 
of  the  motor.  Since  the  tip  is  trying  to  move  further  in  the  direction  shown,  the  tip 
will  continue  to  twist  to  a  maximum  value,  at  which  the  lateral  force  between  the 
tip  and  the  rotor  becomes  high  enough  such  that  the  resultant  torque  Tt  about  the 
center  of  the  motor  equals  the  static  friction  torque  Ts.  At  this  point,  the  rotor  will 
begin  to  rotate,  and  the  twist  of  the  cantilever  decreases  sharply  (event  B  in 
Fig.  23.58b).  The  twist  of  the  cantilever  is  measured  in  the  AFM  as  a  change  in 
the  lateral  deflection  signal  (in  volts),  which  is  the  underlying  concept  of  friction 
force  microscopy  (FFM).  The  change  in  the  lateral  deflection  signal  corresponding 
to  the  above-mentioned  events  as  the  tip  approaches  the  rotor  is  shown  schemati- 
cally in  Fig.  23.58c.  The  value  of  the  peak  V±  is  a  measure  of  the  force  exerted  on  the 
rotor  by  the  tip  just  before  the  static  friction  torque  is  matched  and  the  rotor  begins 
to  rotate. 

Using  this  technique,  the  viability  of  PFPE  lubricants  for  micromotors  has  been 
investigated,  and  the  effect  of  humidity  on  the  friction  forces  of  unlubricated  and 
lubricated  devices  was  studied  as  well.  Figure  23.59  shows  static  friction  forces, 
normalized  by  the  weight  of  the  rotor,  of  unlubricated  and  lubricated  micromotors 
as  a  function  of  rest  time  and  relative  humidity.  Rest  time  here  is  defined  as  the  time 
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Fig.  23.59    Static  friction 
force  values  of  unlubricated 
motors  and  motors  lubricated 
using  PFPE  lubricants, 
normalized  by  the  rotor 
weight,  as  a  function  of  rest 
time  and  relative  humidity. 
The  rest  time  is  defined  as  the 
time  elapsed  between  a  given 
experiment  and  the  first 
experiment  in  which  motor 
movement  was  recorded 
(time  0).  The  motors  were 
allowed  to  sit  at  a  particular 
humidity  for  12  h  prior  to 
measurements  (after  [217]) 
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elapsed  between  the  first  experiment  conducted  on  a  given  motor  (solid  symbol  at 
time  zero)  and  subsequent  experiments  (open  symbols).  Each  open  symbol  data 
point  is  an  average  of  six  measurements.  It  can  be  seen  that,  for  the  unlubricated 
motor  and  the  motor  lubricated  with  a  bonded  layer  of  Z-DOL(BW),  the  static 
friction  force  is  highest  for  the  first  experiment  and  then  drops  to  an  almost  constant 
level.  In  the  case  of  the  motor  with  an  as-is  mobile  layer  of  Z-DOL,  the  values 
remain  very  high  up  to  10  days  after  lubrication.  In  all  cases,  there  is  negligible 
difference  in  the  static  friction  force  at  0%  and  45%  RH.  At  70%  RH,  the 
unlubricated  motor  exhibits  a  substantial  increase  in  the  static  friction  force, 
while  the  motor  with  bonded  Z-DOL  shows  no  increase  in  static  friction  force 
due  to  the  hydrophobicity  of  the  lubricant  layer.  The  motor  with  an  as-is  mobile 
layer  of  the  lubricant  shows  consistently  high  values  of  static  friction  force  that  vary 
little  with  humidity. 

Figure  23.60  summarizes  static  friction  force  data  for  two  motors,  Ml  and  M2, 
along  with  schematics  of  the  meniscus  effects  for  the  unlubricated  and  lubricated 
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Fig.  23.60  Summary  of  the  effects  of  liquid  and  solid  lubricants  on  the  static  friction  force  of 
micromotors.  Despite  the  hydrophobicity  of  the  lubricant  used  (Z-DOL),  a  mobile  liquid  lubricant 
(Z-DOL,  as-is)  leads  to  very  high  static  friction  force  due  to  increased  meniscus  forces,  whereas  a 
solid-like  lubricant  (bonded  Z-DOL,  BW)  appears  to  provide  some  amount  of  reduction  in  static 
friction  force 


surfaces.  Capillary  condensation  of  water  vapor  from  the  environment  results  in  the 
formation  of  meniscus  bridges  between  the  contacting  and  near-contacting  aspe- 
rities of  two  surfaces  in  close  proximity  to  each  other,  as  shown  in  Fig.  23.60.  For 
unlubricated  surfaces,  more  menisci  are  formed  at  higher  humidity,  resulting  in 
higher  friction  force  between  the  surfaces.  The  formation  of  meniscus  bridges  is 
supported  by  the  fact  that  the  static  friction  force  for  unlubricated  motors  increases 
at  high  humidity  (Fig.  23.60).  Solid  bridging  may  occur  near  the  rotor-hub  interface 
due  to  silica  residues  after  the  first  etching  process.  In  addition,  the  drying  process 
after  the  final  etch  can  result  in  liquid  bridging  formed  by  the  drying  liquid  due  to 
meniscus  force  at  these  areas  [80,  82,  218,  219].  The  initial  static  friction  force  will 
therefore  be  quite  high,  as  evidenced  by  the  solid  data  points  in  Fig.  23.60.  Once  the 
first  movement  of  the  rotor  permanently  breaks  these  solid  and  liquid  bridges,  the 
static  friction  force  of  the  motors  will  drop  (as  seen  in  Fig.  23.60)  to  a  value  dictated 
predominantly  by  the  adhesive  energies  of  the  rotor  and  hub  surfaces,  the  real  area 
of  contact  between  these  surfaces,  and  meniscus  forces  due  to  water  vapor  in  the  air, 
at  which  point,  the  effect  of  lubricant  films  can  be  observed.  Lubrication  with  a 


23     MEMS/NEMS  and  BioMEMS/BioNEMS:  Materials,  Devices,  and  Biomimetics  923 

mobile  layer,  even  a  thin  one,  results  in  very  high  static  friction  forces  due  to 
meniscus  effects  of  the  lubricant  liquid  itself  at  and  near  the  contact  regions.  It 
should  be  noted  that  a  motor  submerged  in  a  liquid  lubricant  would  result  in  a  fully 
flooded  lubrication  regime.  In  this  case  there  is  no  meniscus  contribution,  and  only 
the  viscous  contribution  to  the  friction  forces  would  be  relevant.  However,  sub- 
merging the  device  in  a  lubricant  may  not  be  a  practical  method.  A  solid-like 
hydrophobic  lubricant  layer  (such  as  bonded  Z-DOL)  results  in  favorable  friction 
characteristics  of  the  motor.  The  hydrophobic  nature  of  the  lubricant  inhibits 
meniscus  formation  between  the  contact  surfaces  and  maintains  low  friction  even 
at  high  humidity  (Fig.  23.60).  This  suggests  that  solid-like  hydrophobic  lubricants 
are  ideal  for  lubrication  of  MEMS,  while  mobile  lubricants  result  in  increased 
values  of  static  friction  force. 


23.6.5    Mechanisms  Associated  with  Observed  Stiction 

Phenomena  in  Digital  Micromirror  Devices  (DMD) 
and  Nanomechanical  Characterization 

DMDs  are  used  in  digital  projection  displays,  as  described  earlier.  The  DMD  has  a 
layered  structure,  consisting  of  an  aluminum  alloy  micromirror  layer,  a  yoke  and 
hinge  layer,  and  a  metal  layer  on  a  CMOS  memory  array  [27,  28,  29].  A  blown-up 
view  of  the  DMD  and  the  corresponding  AFM  surface  height  images  are  presented 
in  Fig.  23.61  [108].  Single-layered  aluminum  alloy  films  are  used  for  the  construc- 
tion of  micromirrors;  these  are  also  sometimes  used  for  the  construction  of  hinges, 
spring  tips,  and  landing  sites.  The  aluminum-alloy  films  are  overwhelmingly 
comprised  of  aluminum;  trace  elements  (including  Ti  and  Si)  are  present  to 
suppress  contact  spiking  and  electromigration,  which  may  occur  if  current  densities 
become  high  during  electrostatic  operation.  Multilayered  sputtered  SiC»2/TiN/Al 
alloy  films  are  now  generally  used  for  the  landing- site  structure  to  minimize 
refraction  throughout  the  visible  region  of  the  electromagnetic  spectrum  in  order 
to  increase  the  contrast  ratio  in  projection  display  systems  [231,  232].  These 
multilayered  films  are  also  generally  used  for  hinges  and  spring  tips.  A  low- 
surface-energy  SAM  is  maintained  on  the  surfaces  of  the  DMD,  which  is  packaged 
in  a  hermetic  environment  to  minimize  stiction  during  contact  between  the  spring 
tip  and  the  landing  site.  A  SAM  of  perfluorinated  «-alkanoic  acid  (C„F2„_i02H) 
(e.g.,  perfluorodecanoic  acid  or  PFDA,  CF3(CF2)8COOH)  applied  by  the  vapor- 
phase  deposition  process  is  used.  A  getter  strip  of  PFDA  is  included  inside  the 
hermetically  sealed  enclosure  containing  the  chip,  which  acts  as  a  reservoir  in  order 
to  maintain  a  PFDA  vapor  within  the  package. 

In  order  to  identify  a  stuck  mirror  and  characterize  its  nanotribological  proper- 
ties, the  chip  was  scanned  using  an  AFM  [108].  It  was  found  that  it  is  hard  to  tilt 
the  stuck  micromirror  back  to  its  normal  position  by  adding  a  normal  load  at  the 
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Fig.  23.61    (a)  Exploded 
view  of  a  DMD  pixel, 
(b)  AFM  surface  height 
images  of  various  arrays. 
The  DMD  layers  were 
removed  by  ultrasonic 
method  (after  [108]) 


Mirror 


Yoke  and 
hinge  array 


Metal  array 


rotatable  corner  of  the  micromirror;  this  is  thus  called  a  hard  stuck  micromirror. 
An  example  of  a  stuck  micromirror  is  shown  in  Fig.  23.62a.  Once  the  stuck 
micromirror  was  found,  the  region  was  repeatedly  scanned  at  a  large  normal  load, 
up  to  300  nN.  After  several  scans,  the  stuck  micromirror  was  removed.  Once  the 
stuck  micromirror  was  removed,  the  surrounding  micromirrors  could  also  be 
removed  by  continuous  scanning  under  a  large  normal  load  (Fig.  23.62a,  bottom 
row).  The  adhesive  force  of  the  landing  site  underneath  the  stuck  micromirror  and 
the  normal  micromirror  are  presented  in  Fig.  23.62b,  which  clearly  indicates  that 
the  landing  site  underneath  the  stuck  micromirror  has  much  larger  adhesion. 
A  1  um  x  1  urn  view  of  landing  sites  under  stuck  and  normal  micromirrors  are 
also  shown  in  Fig.  23.62b.  The  landing  site  under  the  stuck  micromirror  has  an 
apparent  U-shaped  wear  mark,  which  is  surrounded  by  a  smeared  area. 

Liu  and  Bhushan  [108]  calculated  contact  stresses  to  examine  if  the  stresses  were 
high  enough  to  cause  wear  at  the  spring  tip-landing  site  interface.  The  calculated 
contact  stress  value  was  s=s  33  MPa,  which  is  substantially  lower  than  the  hardness, 
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Fig.  23.62  (a)  The  top  row  shows  AFM  surface  height  images  of  a  stuck  micromirror  surrounded 
by  eight  normal  micromirrors.  (b)  Left  image  shows  the  stuck  micromirror  which  was  removed  by 
an  AFM  tip  after  repeated  scanning  at  high  normal  load.  The  right  image  in  the  bottom  row 
presents  a  high-pass-filtered  image,  in  which  the  residual  hinge  that  sits  underneath  the  removed 
micromirror  is  clearly  observed,  (c)  AFM  surface  height  images  and  adhesive  forces  of  the  landing 
sites  underneath  the  two  normal  micromirrors  and  the  stuck  micromirror  (after  [108]) 


therefore  much  plastic  deformation  and  consequently  wear  was  not  expected. 
Wear  mark  was  only  found  on  a  very  few  landing  sites  on  the  DMD,  which 
means  that  the  SAM  coating  can  generally  endure  such  high  contact  stresses. 
Based  on  data  reported  in  the  literature,  coverage  of  vapor-deposited  SAMs  is 
expected  to  be  ps  97%.  The  bond  strength  of  the  molecules  close  to  the  boundary 
of  the  uncovered  sites  is  expected  to  be  weak.  Thus,  the  uncovered  sites  and  the 
adjacent  molecules  are  referred  to  as  defects  in  the  SAM  coating.  Occasionally, 
if  contact  occurs  at  the  defect  sites,  the  large  cyclic  stress  may  be  close  to  the 
critical  load,  and  lead  to  initial  delamination  of  the  SAM  coating  at  the  interface. 
The  continuous  contact  leads  to  the  formation  of  a  high-surface-energy  surface  by 
exposure  of  the  fresh  substrate  and  formation  of  SAM  fragments.  This  eventually 
leads  to  an  increase  in  stiction  by  the  formation  of  large  menisci.  Once  this  happens, 
the  stress  at  the  contact  area  is  increased,  which  would  accelerate  the  wear.  Based 
on  this  hypothesis,  suggested  mechanisms  for  the  wear  and  stiction  of  the  landing 
site  are  summarized  in  Fig.  23.63.  Wear  initiates  at  the  defect  sites,  and  consequent 
high  stiction  can  result  in  high  wear.  Improving  the  coverage  and  wear  resistance  of 
SAM  coatings  could  enhance  the  yield  of  DMD. 
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Fig.  23.63    Suggested  mechanisms  for  wear  and  stiction  (after  [108]) 


Fig.  23.64  AFM  surface  height  images  of  normal  micromirrors  and  a  soft-stuck  micromirror.  The 
soft-stuck  micromirror  is  labeled  S,  and  the  normal  micromirrors  studied  are  labeled  Nl,  N2,  and 
N3  (after  [109]) 


In  some  cases,  the  micromirrors  are  not  fully  stuck  and  can  be  moved  by 
applying  a  load  at  the  rotatable  corner  of  the  micromirror  with  a  discontinuous 
motion,  which  is  called  soft  stiction.  Soft-stuck  micromirrors  studied  by  Liu  and 
Bhushan  [109]  were  identified  in  quality  inspection.  These  micromirrors  encoun- 
tered slow  transition  from  one  end  to  the  other  (+1/  —1).  Figure  23.64  shows  AFM 
surface  height  images  of  a  location  showing  a  stuck  mirror  (S)  and  surrounding 
normal  micromirrors  Nt  (i  —  1,  2,  3).  Surprisingly,  the  images  of  the  stuck  and 
normal  micromirror  array  are  almost  the  same.  On  the  micromirrors  of  interest, 
tilting  test  was  performed  at  the  corner  of  the  micromirrors;  the  rotatable  direction 
of  the  microarray  is  indicated  by  an  arrow  in  Fig.  23.64.  A  load-displacement  curve 
for  the  stuck  micromirror  is  presented  in  Fig.  23.65;  it  is  not  smooth  and  appears 
serrated.  This  clearly  indicates  that,  although  the  micromirror  S  can  be  rotated,  it 
rotates  with  hesitation.  In  regimes  1  and  2,  as  marked  in  Fig.  23.65,  the  slopes  are 
much  higher.  In  order  to  understand  the  stiction  mechanisms,  stiction  of  the  landing 
sites  of  normal  and  stuck  mirrors  were  measured.  Unlike  a  hard-stuck  mirror, 
adhesive  forces  of  soft-stuck  and  normal  mirrors  were  comparable,  which  suggests 
that  the  SAM  coating  is  intact  for  the  soft-stuck  mirror.  It  was  found  that  a  high 
normal  load  (s=s  900  nN)  and  of  the  order  of  a  couple  of  hundred  scans  were  required 
to  remove  the  soft-stuck  micromirrors  by  the  AFM,  whereas,  only  about  300  nN 
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Fig.  23.65    Load-displacement  curve  obtained  on  the  rotatable  corner  of  micromirror  S,  and 
schematic  to  illustrate  the  suggested  mechanism  for  occurrence  of  soft  stiction 


and  about  ten  scans  were  required  to  remove  a  hard-stuck  mirror.  After  careful 
examination  of  the  AFM  images  of  the  micromirror  sidewalls  in  Fig.  23.64 
(bottom  left),  it  was  noted  that  there  were  contaminant  particles  attached  to  the 
sidewalls  of  the  micromirror  S.  It  is  therefore  believed  that,  during  the  tilting  test, 
for  the  micromirror  S  (see  schematic  in  Fig.  23.65)  a  regime  with  a  sharper  slope 
will  occur  in  the  displacement  curve.  Extra  force  is  required  to  overcome  the 
resistance  induced  by  these  sidewall  contamination  particles.  This  is  believed  to 
be  the  reason  for  the  slow  transition  of  the  micromirror  during  quality  inspection. 
Finally,  nanomechanical  characterization  of  various  layers  used  in  the  construc- 
tion of  landing  sites,  hinge,  and  micromirror  materials  have  been  measured  by  Wei 
et  al.  [231,  232].  Bending  and  fatigue  studies  of  hinges  have  been  carried  out  by  Liu 
and  Bhushan  [233]  and  Bhushan  and  Liu  [234]  to  measure  their  stiffness  and  fatigue 
properties.  For  these  studies,  the  micromirror  was  removed.  During  removal,  the 
micromirror-yoke  structure  was  removed  simultaneously,  leaving  the  hinge  mounted 
on  one  end  of  the  array  (Fig.  23.66).  The  stiffness  of  the  Al  hinge  was  reported  to  be 
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Fig.  23.66    AFM  surface 
height  image  of  the  residual 
hinge  and  schematic  diagram 
of  the  relative  position  of 
the  hinge  and  AFM  tip 
during  the  nanoscale  bending 
and  fatigue  tests.  The  tip  is 
located  at  the  free  end  of 
the  hinge  (after  [233]) 


Residual  hinge  (yoke  is  removed) 


comparable  to  that  of  bulk  Al.  The  Al  hinge  exhibited  higher  modulus  than  the  Si02 
hinge.  The  fatigue  properties  depended  upon  the  preparation  of  the  hinge  for  testing. 


23.7     Conclusions 

The  field  of  MEMS/NEMS  and  bioMEMS/bioNEMS  has  expanded  considerably 
over  the  last  decade.  The  large  surface-to-volume  ratio  of  these  devices  results  in 
very  high  surface  forces,  such  as  adhesion  and  friction/stiction,  that  seriously 
undermine  the  performance  and  reliability  of  devices.  There  is  a  need  for  funda- 
mental understanding  of  adhesion,  friction,  stiction,  wear,  and  lubrication,  and  the 
role  of  contamination  and  environment,  all  on  nanoscale.  Most  mechanical  proper- 
ties are  known  to  be  scale  dependent,  therefore  the  properties  of  nanostructures 
need  to  be  measured.  Using  AFM-based  techniques,  researchers  have  conducted 
nanotribology  and  nanomechanics  studies  of  materials  and  devices.  In  addition, 
component-level  testing  has  been  carried  out  to  improve  understanding  of  the 
nanotribological  phenomena  observed  in  MEMS/NEMS. 

Macroscale  and  microscale  tribological  studies  of  silicon  and  polysilicon  films 
have  been  performed.  The  effect  of  doping,  oxide  films,  and  environment  on  the 
tribological  properties  of  these  popular  MEMS/NEMS  materials  has  also  been 
studied.  SiC  film  is  found  to  be  a  good  candidate  material  for  use  in  high-tempera- 
ture MEMS/NEMS  devices.  Perfluoroalkyl  self-assembled  monolayers  and  bonded 
perfluoropolyether  lubricants  appear  to  be  well  suited  for  lubrication  of  micro- 
nanodevices  under  a  range  of  environmental  conditions.  DLC  coatings  can  also  be 
used  for  low  friction  and  wear. 

For  bioMEMS/bioNEMS,  adhesion  between  biological  molecular  layers  and  the 
substrate,  and  friction  and  wear  of  biological  layers  can  be  important.  Adhesion  of 
biomolecules  on  Si  substrate  surfaces  for  various  bioMEMS  applications  can  be 
improved  by  nanopatterning  and  the  chemical  linker  method.  Friction  and  wear 
mechanisms  of  protein  layers  have  been  studied.  The  trajectory  in  the  blood  stream 
of  submicron  particles  used  for  therapeutic  and  diagnostics  purposes  needs  to  be 
optimized  in  order  for  them  to  bond  to  target  sites  on  the  endothelium  wall,  for 
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which  an  analytical  model  has  been  developed.  Roughness-induced  hierarchical 
surfaces  have  been  designed  and  fabricated  for  superhydrophobicity,  self-cleaning, 
and  low  adhesion  and  friction. 

Surface  roughness  measurements  of  micromachined  polysilicon  surfaces  have 
been  carried  out  using  an  AFM.  The  roughness  distribution  on  surfaces  is  strongly 
dependent  upon  the  fabrication  process.  Adhesion  and  friction  of  microstructures 
can  be  measured  using  a  novel  microtriboapparatus.  Adhesion  and  friction  mea- 
surements on  silicon-on-silicon  confirm  AFM  measurements  that  hexadecane  thiol 
and  bonded  perfiuoropolyether  films  exhibit  superior  adhesion  and  friction  proper- 
ties. Static  friction  force  measurements  of  micromotors  have  been  performed  using 
an  AFM.  The  forces  are  found  to  vary  considerably  with  humidity.  A  bonded  layer 
of  perfiuoropolyether  lubricant  is  found  to  satisfactorily  reduce  the  friction  forces  in 
the  micromotor.  Tribological  failure  modes  of  digital  micromirror  devices  are 
either  hard  or  soft  stiction.  In  hard  stiction,  the  tip  on  the  yoke  remains  stuck  to 
the  landing  site  underneath.  The  mechanism  responsible  for  this  hard  stiction  is 
localized  damage  of  the  SAM  on  the  landing  site,  whereas  in  soft  stiction  the 
mirror-yoke  assembly  rotates  with  hesitation.  The  mechanism  responsible  for 
soft  stiction  is  contaminant  particles  present  at  the  mirror  sidewalls. 

AFM/FFM-based  techniques  show  the  capability  to  study  and  evaluate  nanotri- 
bology  and  nanomechanics  related  to  MEMS/NEMS  and  bioMEMS/bioNEMS 
devices. 


23.8     Appendix  Micro-Nanofabrication  Techniques 

Micro-nanofabrication  techniques  include  top-down  methods,  in  which  one  builds 
down  from  the  large  to  the  small,  and  bottom-up  methods,  in  which  one  builds  up 
from  the  small  to  the  large. 


23.8.1     Top-Down  Techniques 

The  top-down  fabrication  methods  used  in  the  construction  of  MEMS/NEMS 
include  lithographic  and  nonlithographic  techniques  to  produce  micro-  and  nano- 
structures.  The  lithographic  techniques  fall  into  three  basic  categories:  bulk 
micromachining,  surface  micromachining,  and  LIGA  (a  German  acronym  for 
Lithographic  Galvanoformung  Abformung,  i.e.,  lithography,  electroplating,  and 
molding).  The  first  two  approaches,  bulk  and  surface  micromachining,  mostly  use 
planar  photolithographic  fabrication  processes  developed  for  semiconductor 
devices  in  producing  two-dimensional  (2-D)  structures  [13,  19,  235,  236,  237, 
238].  The  various  steps  involved  in  these  two  fabrication  processes  are  shown 
schematically  in  Fig.  23.67.  Bulk  micromachining  employs  anisotropic  etching  to 
remove  sections  through  the  thickness  of  a  single-crystal  silicon  wafer,  typically 
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Fig.  23.67    Schematic  of 
process  steps  involved  in 

(a)  bulk  micromachining  and 

(b)  surface  micromachining 
for  fabrication  of  MEMS 
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250-500  urn  thick.  Bulk  micromachining  is  a  proven  high-volume  production 
process  and  is  routinely  used  to  fabricate  microstructures  such  as  accelerometers, 
pressure  sensors,  and  flow  sensors.  In  surface  micromachining,  structural  and 
sacrificial  films  are  alternatively  deposited,  patterned,  and  etched  to  produce  a 
freestanding  structure.  These  films  are  typically  made  of  low-pressure  chemical 
vapor  deposition  (LPCVD)  polysilicon  film  with  2-20  um  thickness.  Surface 
micromachining  is  used  to  produce  sensors,  actuators,  micromirror  arrays,  motors, 
gears,  and  grippers.  The  resolution  in  photolithography  is  dependent  upon  the 
wavelength  of  light.  A  commonly  used  light  source  is  an  argon  fluoride  excimer 
laser  with  193  nm  wavelength  (ultraviolet,  UV),  used  in  patterning  90  nm  lines  and 
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spaces.  Deep-UV  wavelengths,  x-ray  lithography,  e-beam  lithography,  focused  ion 
beam  lithography,  maskless  lithography,  liquid-immersion  lithography,  and  STM 
writing  by  removing  material  atom  by  atom  are  some  of  the  recent  developments 
for  sub- 100  nm  patterning. 

The  fabrication  of  nanostructures  such  as  nanochannels  with  sub- 10  nm  resolu- 
tion can  be  accomplished  through  several  routes:  electron  beam  (e-beam)  lithogra- 
phy and  sacrificial  layer  lithography  (SLL).  The  process  for  e-beam  lithographic 
technique  is  a  finely  focused  electron  beam  that  is  exposed  onto  a  resist  surface;  the 
exposure  duration  and  location  is  controlled  with  the  use  of  a  computer  [239,  240]. 
When  the  resist  is  exposed  to  the  electron  beam,  the  electrons  either  break  or  join 
the  molecules  in  the  resist,  so  the  local  characteristics  are  changed  in  such  a  way 
that  further  processes  can  either  remove  the  exposed  part  (positive  resist)  or  the 
unexposed  part  (negative  resist).  The  resist  material  determines  whether  the  mole- 
cules will  break  or  join  together  and  thus  whether  a  positive  or  negative  image  is 
produced.  E-beam  lithography  can  be  used  either  to  create  photolithographic  masks 
for  replication  or  to  create  devices  directly.  The  masks  that  are  created  can  be  used 
for  either  optical  or  x-ray  lithography.  One  limitation  of  e-beam  lithography  is  that 
throughput  is  drastically  reduced  since  a  single  electron  beam  is  used  to  create  the 
entire  exposure  pattern  on  the  resist.  While  this  technique  is  slower  than  conven- 
tional lithographic  techniques,  it  is  ideal  for  prototype  fabrication  because  no  masks 
are  required. 

In  the  SLL  process,  the  use  of  a  sacrificial  layer  allows  direct  control  of 
nanochannel  dimensions  as  long  as  there  exists  a  method  for  removing  the  sacrifi- 
cial layer  from  the  structural  layers  with  absolute  selectivity.  A  materials  system 
with  such  selectivity  is  the  silicon/silicon  oxide  system,  which  is  used  widely  in  the 
microfabrication  of  MEMS  devices.  The  use  of  sidewall  deposition  of  the  sacrificial 
layer  and  subsequent  etching  allows  for  fabrication  of  high-density  nanochannels 
for  biomedical  applications,  based  on  surface  micromachining  [78].  Figure  23.68 
shows  a  schematic  of  the  process  steps  in  the  sacrificial  layer  lithography  based  on 
Hansford  et  al.'s  [78]  work  on  fabrication  of  poly  silicon  membranes  with  nano- 
channels. As  with  all  membrane  protocols,  the  first  step  in  the  fabrication  is  etching 
of  the  support  ridge  structure  into  the  bulk  silicon  substrate.  A  low-stress  silicon 
nitride  (LSN,  or  simply  nitride),  which  functions  as  an  etch-stop  layer,  is  then 
deposited  using  LPCVD.  The  base  structural  polysilicon  layer  (base  layer)  is 
deposited  on  top  of  the  etch-stop  layer.  The  plasma  etching  of  holes  in  the  base 
layer  is  what  defines  the  shape  of  the  pores.  The  buried  nitride  etch  stop  acts  as  an 
etch  stop  for  the  plasma  etching  of  a  polysilicon  base  layer.  After  the  pore  holes  are 
etched  through  the  base  layer,  the  pore  sacrificial  thermal  oxide  layer  is  grown  on 
the  base  layer.  The  basic  requirement  for  the  sacrificial  layer  is  the  ability  to  control 
its  thickness  with  high  precision  across  the  entire  wafer.  Anchor  points  are  defined 
in  the  sacrificial  oxide  layer  to  connect  the  base  layer  mechanically  to  the  plug  layer 
(necessary  to  maintain  the  pore  spacing  between  layers).  This  is  accomplished  by 
using  the  same  mask  shifted  from  the  pore  holes.  This  produces  anchors  in  one  or 
two  corners  of  each  pore  hole,  which  provides  the  desired  connection  between  the 
structural  layers  while  opening  as  much  pore  area  as  possible.  After  the  anchor 
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Fig.  23.68  Schematic  of 
process  steps  involved  in 
sacrificial  layer  lithography. 

(a)  Growth  of  silicon  nitride 
layer  (etch  stop)  and  base 
polysilicon  deposition, 

(b)  hole  definition  in  base, 

(c)  growth  of  thin  sacrificial 
oxide  and  patterning  of 
anchor  points,  (d)  deposition 
of  plug  polysilicon, 

(e)  planarization  of  plug 
layer,  and  (f)  deposition 
and  patterning  of  protective 
nitride  layer  through  etch, 
followed  by  etching  of 
protective,  sacrificial,  and 
etch  layers  for  final  release  of 
the  structure  in  HF  (after  [78]) 
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points  are  etched  through  the  sacrificial  oxide,  the  plug  polysilicon  layer  is  depos- 
ited (using  LPCVD)  to  fill  in  the  holes.  To  open  the  pores  at  the  surface,  the  plug 
layer  is  planarized  using  chemical  mechanical  polishing  (CMP)  down  to  the  base 
layer,  leaving  the  final  structure  with  the  plug  layer  only  in  the  pore  hole  openings. 
When  the  silicon  wafer  is  ready  for  release,  a  protective  nitride  layer  is  deposited  on 
the  wafer  (completely  covering  both  sides  of  the  wafer).  The  backside  etch  win- 
dows are  etched  in  the  protective  layer,  exposing  the  silicon  wafer  in  the  desired 
areas,  and  the  wafer  is  placed  in  a  KOH  bath  to  etch.  After  the  silicon  wafer  is 
completely  removed  up  to  the  membrane  (as  evidenced  by  the  smooth  buried  etch- 
stop  layer),  the  protective,  sacrificial,  and  etch-stop  layers  are  removed  by  etching 
in  concentrated  HF.  Etching  of  the  sacrificial  layer  in  polysilicon  film  defines 
nanochannels. 
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Fig.  23.69  Schematic  of 
process  steps  involved  in 
LIGA  fabrication  of  MEMS 
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The  LIGA  process  is  based  on  combined  use  of  x-ray  lithography,  electroplating, 
and  molding  processes.  X-rays  produced  by  synchroton  radiation  are  used  to 
prepare  the  mold.  The  steps  involved  in  the  LIGA  process  are  shown  schematically 
in  Fig.  23.69.  LIGA  is  used  to  produce  high-aspect-ratio  MEMS  (HARMEMS) 
devices  that  are  up  to  1  mm  in  height  and  only  a  few  microns  in  width  or  length 
[241].  The  LIGA  process  yields  very  sturdy  3-D  structures  due  to  their  increased 
thickness.  One  of  the  limitations  of  silicon  microfabrication  processes  originally 
used  for  fabrication  of  MEMS  devices  is  the  lack  of  suitable  materials  that  can  be 
processed.  However,  with  LIGA,  a  variety  of  nonsilicon  materials  such  as  metals, 
ceramics,  and  polymers  can  be  processed. 

Nonlithographic  micromachining  processes,  primarily  in  Europe  and  Japan,  are 
also  being  used  for  fabrication  of  millimeter-scale  devices  using  direct  material 
microcutting  or  micromechanical  machining  (such  as  microturning,  micromilling, 
and  microdrilling)  or  removal  by  energy  beams  (such  as  microspark  erosion,  focused 
ion  beam,  laser  ablation,  and  laser  polymerization)  [19,  242].  Hybrid  technologies 
including  LIGA  and  high-precision  micromachining  techniques  have  been  used 
to  produce  miniaturized  motors,  gears,  actuators,  and  connectors  [87,  91,  92,  243]. 
These  millimeter-scale  devices  may  find  more  immediate  applications. 

The  micro-nanofabrication  technique  known  as  soft  lithography  is  a  nonlitho- 
graphic technique  [54,  60,  244,  245]  in  which  a  master  or  mold  is  used  to  generate 
patterns,  defined  by  the  relief  on  its  surface,  on  polymers  by  replica  molding  [246], 
hot  embossing  (nanoimprint  lithography)  [247],  or  by  contact  printing  (known  as 
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microcontact  printing,  uCP)  [248].  Soft  lithography  is  faster,  less  expensive,  and 
more  suitable  for  most  biological  applications  than  glass  or  silicon  micromachin- 
ing.  Polymers  have  established  an  important  role  in  bioMEMS/bioNEMS  because 
of  their  reduced  cost.  The  use  of  polymers  also  offers  a  wide  range  of  material 
properties  to  allow  tailoring  of  biological  interactions  for  improved  biocompatibil- 
ity.  Polymer  fabrication  is  believed  to  be  about  an  order  of  magnitude  cheaper  than 
silicon  fabrication. 

Replica  molding  is  the  transfer  of  a  topographic  pattern  by  curing  or  solidifying  a 
liquid  precursor  against  the  original  patterned  mold.  The  mold  or  stamp  is  generally 
made  of  a  two-part  polymer  (elastomer  and  curing  agent),  such  as  poly(dimethylsi- 
loxane)  (PDMS)  from  photolithographically  generated  photoresist  master.  Solvent- 
based  embossing,  or  imprinting,  uses  a  solvent  to  restructure  a  polymer  film.  Hot 
embossing,  also  called  nanoimprint  lithography,  usually  refers  to  the  transfer  of  a 
pattern  from  a  micromachined  quartz  or  metal  master  to  a  pliable  plastic  sheet.  Heat 
and  high  pressure  allow  the  plastic  sheet  to  become  imprinted.  These  sheets  can 
then  be  bonded  to  various  plastics  such  as  poly(methyl  methacrylate)  (PMMA). 
Nanoimprint  lithography  can  produce  patterns  on  a  surface  with  10  nm  resolution. 
Contact  printing  uses  a  patterned  stamp  to  transfer  ink  (mostly  self-assembled 
monolayer)  onto  a  surface  in  a  pattern  defined  by  the  raised  regions  of  a  stamp. 
These  techniques  can  be  used  to  pattern  line  widths  as  small  as  60  nm. 

Replica  molding  is  commonly  used  for  mass-produced,  disposable  plastic  micro- 
nanocomponents,  for  example  micro-nanofluidic  chips,  generally  made  of  PDMS 
and  PMMA  [245,  249];  it  is  more  flexible  in  terms  of  materials  choice  for  construc- 
tion than  conventional  photolithography. 

To  assemble  microsystems,  microrobots  are  used.  Microrobotics  include  build- 
ing blocks  such  as  steering  links,  microgrippers,  conveyor  system,  and  locomotive 
robots  [17]. 


23.8.2    Bottom-Up  Fabrication  (Nanochemistry) 

The  bottom-up  approach  (from  small  to  large)  largely  relies  on  nanochemistry  [39, 
40,  42,  43,  44,  45,  46,  47].  The  bottom-up  approach  includes  chemical  synthesis, 
spontaneous  self-assembly  of  molecular  clusters  (molecular  self-assembly)  from 
simple  reagents  in  solution  or  biological  molecules  as  building  blocks  to  produce 
three-dimensional  nano structures  as  done  by  nature,  quantum  dots  (nanocrystals)  of 
arbitrary  diameter  (about  10— 10s  atoms),  molecular-beam  epitaxy  (MBE)  and 
organometallic  vapor-phase  epitaxy  (OMVPE)  to  create  specialized  crystals  one 
atomic  or  molecular  layer  at  a  time,  and  manipulation  of  individual  atoms  by 
scanning  tunneling  microscope,  atomic  force  microscope,  or  atom  optics.  The 
self-assembly  must  be  encoded;  that  is,  one  must  be  able  to  precisely  assemble 
one  object  next  to  another  to  form  a  designed  pattern.  A  variety  of  nonequilibrium 
plasma  chemistry  techniques  are  also  used  to  produce  layered  nanocomposites, 
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nanotubes,  and  nanoparticles.  Nanostructures  can  also  be  fabricated  using  mechan- 
osynthesis  with  proximal  probes. 
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Chapter  24 

Mechanical  Properties  of  Micromachined 

Structures 


Harold  Kahn 


Abstract  To  be  able  to  accurately  design  structures  and  make  reliability  predic- 
tions in  any  field,  it  is  first  necessary  to  know  the  mechanical  properties  of  the 
materials  that  make  up  the  structural  components.  The  devices  encountered  in  the 
fields  of  microelectromechanical  systems  (MEMS)  and  nanoelectromechanical 
systems  (NEMS),  are  necessarily  very  small,  and  so  the  processing  techniques 
and  the  microstructures  of  the  materials  used  in  these  devices  may  differ  signifi- 
cantly from  bulk  structures.  Also,  the  surface-area-to-volume  ratios  in  such  struc- 
tures are  much  higher  than  in  bulk  samples,  and  so  surface  properties  become  much 
more  important.  In  short,  it  cannot  be  assumed  that  the  mechanical  properties 
measured  for  a  bulk  specimen  of  a  material  will  apply  when  the  same  material  is 
used  in  MEMS  and  NEMS.  This  chapter  will  review  the  techniques  that  have  been 
used  to  determine  the  mechanical  properties  of  micromachined  structures,  espe- 
cially residual  stress,  strength  and  Young's  modulus.  The  experimental  measure- 
ments that  have  been  performed  will  then  be  summarized,  in  particular  the  values 
obtained  for  polycrystalline  silicon  (polysilicon). 


24.1     Measuring  Mechanical  Properties  of  Films 
on  Substrates 

In  order  to  accurately  determine  the  mechanical  properties  of  very  small  structures, 
it  is  necessary  to  test  specimens  made  from  the  same  materials,  processed  in  the 
same  way,  and  of  the  same  approximate  size.  Not  surprisingly  it  is  often  difficult  to 
handle  specimens  this  small.  One  solution  is  to  test  the  properties  of  films  that 
remain  on  substrates.  Micro-  and  nanomachined  structures  are  typically  fabricated 
from  films  that  are  initially  deposited  onto  a  substrate,  are  subsequently  patterned 
and  etched  into  the  appropriate  shapes,  and  are  then  finally  released  from  the 
substrate.  If  the  testing  is  performed  on  the  continuous  film,  before  patterning  and 
release,  the  substrate  can  be  used  as  an  effective  handle  for  the  specimen  (in  this 
case,  the  film).  Of  course,  since  the  films  are  attached  to  the  substrate,  the  types  of 
tests  possible  are  severely  limited. 
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24.1.1     Residual  Stress  Measurements 

One  common  measurement  easily  performed  on  films  attached  to  substrates  is 
residual  film  stress.  The  curvature  of  the  substrate  is  measured  before  and  after 
film  deposition.  Curvature  can  be  measured  in  a  number  of  ways.  The  most  common 
technique  is  to  scan  a  laser  across  the  surface  (or  scan  the  substrate  beneath  the  laser) 
and  detect  the  angle  of  the  reflected  signal.  Alternatively,  profilometry,  optical 
interferometry  or  even  atomic  force  microscopy  can  be  used.  As  expected,  tools 
that  map  a  surface  or  perform  multiple  linear  scans  can  give  more  accurate  readings 
than  tools  that  measure  only  a  single  scan. 

Assuming  that  the  film  is  thin  compared  to  the  substrate,  the  average  residual 
stress  in  the  film  erf  is  given  by  the  Stoney  equation 

6(l-v,)frVR,     R2J 

where  the  subscripts  f  and  s  refer  to  the  film  and  substrate,  respectively;  t  is 
thickness,  E  is  Young's  modulus,  v  is  Poisson's  ratio,  and  R  is  the  radius  of 
curvature  before  (R{)  and  after  (R2)  film  deposition  [1].  For  a  typical  (lOO)-oriented 
silicon  substrate,  £/(l  —  v)  (also  known  as  the  biaxial  modulus)  is  equal  to 
180.5  GPa,  independent  of  in-plane  rotation  [2].  This  investigation  can  be  per- 
formed on  the  as-deposited  film  or  after  any  subsequent  annealing  step,  provided  no 
changes  occur  to  the  substrate. 

This  measurement  will  reveal  the  average  residual  stress  of  the  film.  Typically, 
however,  the  residual  stresses  of  deposited  films  will  vary  throughout  the  thickness 
of  the  film.  One  way  to  detect  this,  using  substrate  curvature  techniques,  is  to  etch 
away  a  fraction  of  the  film  and  repeat  the  curvature  measurement.  This  can  be 
iterated  any  number  of  times  to  obtain  a  residual  stress  profile  for  the  film  [3]. 
Alternatively,  tools  have  been  designed  that  can  measure  the  substrate  curvature 
during  the  deposition  process  itself,  in  order  to  obtain  information  on  how  the 
stresses  evolve  [4]. 

An  additional  feature  of  some  of  these  tools  is  the  ability  to  heat  the  substrates 
while  performing  the  stress  measurement.  An  example  of  the  results  obtained  in 
such  an  experiment  is  shown  in  Fig.  24.1  [5],  for  an  aluminium  film  on  a  silicon 
substrate.  The  slope  of  the  heating  curve  gives  the  difference  in  thermal  expansion 
between  the  film  and  the  substrate.  When  the  heating  curve  changes  slope  and 
becomes  nearly  horizontal,  the  yield  strength  of  the  film  has  been  reached. 


24.1.2    Mechanical  Measurements  Using  Nanoindentation 

Aside  from  residual  stress,  it  is  difficult  to  measure  the  mechanical  properties  of 
films  attached  to  substrates  without  the  measurement  being  affected  by  the  presence 
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Fig.  24.1    Typical  results  for 
residual  stress  as  a  function  of 
temperature  for  an  aluminum 
film  on  a  silicon  substrate 
(after  [5]).  The  stresses  were 
determined  by  measuring  the 
curvature  of  the  substrate 
before  and  after  film 
deposition,  using  the  reflected 
signal  of  a  laser  scanned 
across  the  substrate  surface 
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300 
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of  the  substrate.  Recent  developments  in  nanoindentation  equipment  have  allowed 
this  technique  to  be  used  in  some  cases.  With  specially  designed  tools,  indentation 
can  be  performed  using  very  low  loads.  If  the  films  being  investigated  are  thick  and 
rigid  enough,  measurements  can  be  made  that  are  not  influenced  by  the  presence  of 
the  substrate.  Of  course,  this  can  be  verified  by  depositing  the  same  film  onto 
different  substrates.  By  continuously  monitoring  the  displacement  as  well  as  the 
load  during  indentation,  a  variety  of  properties  can  be  measured,  including  hard- 
ness and  Young's  modulus  [6].  This  area  is  covered  in  more  detail  in  a  separate 
chapter. 

For  brittle  materials,  cracks  can  be  generated  by  indentation,  and  strength 
information  can  be  gathered.  But  the  exact  stress  fields  created  during  the  indenta- 
tion process  are  not  known  exactly,  and  therefore  quantitative  values  for  strength 
are  difficult  to  determine.  Anisotropic  etching  of  single-crystal  silicon  has  been 
performed  to  create  30  urn  tall  structures  that  were  then  indented  to  examine 
fracture  toughness  [7],  but  this  is  not  possible  with  most  materials. 


24.2     Micromachined  Structures  for  Measuring 
Mechanical  Properties 


Certainly  the  most  direct  way  to  measure  the  mechanical  properties  of  small 
structures  is  to  fabricate  structures  that  would  be  conducive  to  such  tests.  Fabrica- 
tion techniques  are  sufficiently  advanced  that  virtually  any  design  can  be  realized, 
at  least  in  two  dimensions.  Two  basic  types  of  devices  are  used  for  mechanical 
property  testing:  passive  structures  and  active  structures. 
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24.2.1     Passive  Structures 

As  mentioned  previously,  the  main  difficulty  encountered  when  testing  very  small 
specimens  is  handling.  One  way  to  circumvent  this  problem  is  to  use  passive 
structures.  These  structures  are  designed  to  act  as  soon  as  they  are  released  from 
the  substrate  and  to  provide  whatever  information  they  are  designed  to  supply 
without  further  manipulation.  For  all  of  these  passive  structures,  the  forces  acting 
on  them  come  from  the  internal  residual  stresses  of  the  structural  material.  For 
devices  on  the  micron  scale  or  smaller,  gravitational  forces  can  be  neglected,  and 
therefore  internal  stresses  are  the  only  source  of  actuation  force. 


Stress  Measurements 

Since  internal  residual  stresses  act  upon  the  passive  devices  when  they  are  released, 
it  is  natural  to  design  a  device  that  can  be  used  to  measure  residual  stresses.  One 
such  device,  a  rotating  microstrain  gage,  is  shown  in  Fig.  24.2.  There  are  many 
different  microstrain  gauge  designs,  but  all  operate  via  the  same  principle.  In 
Fig.  24.2a,  the  large  pads,  labeled  A,  will  remain  anchored  to  the  substrate  when 
the  rest  of  the  device  is  released.  Upon  release,  the  device  will  expand  or  contract  in 
order  to  relieve  its  internal  residual  stresses.  A  structure  under  tension  will  contract, 


Fig.  24.2    (a)  Microstrain  gauge  fabricated  from  polysilicon;  panel  (b)  shows  a  close-up  of  the 
Vernier  scale  before  release,  and  panel  (c)  shows  the  same  area  after  release 
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and  a  structure  under  compression  will  expand.  For  the  structure  in  Fig.  24.2, 
compressive  stress  will  cause  the  legs  to  lengthen.  Since  the  two  opposing  legs 
are  not  attached  to  the  central  beam  at  the  same  point  -  they  are  offset,  they  will 
cause  the  central  beam  to  rotate  when  they  expand.  The  device  in  Fig.  24.2  contains 
two  independent  gauges  that  point  to  one  another.  At  the  ends  of  the  two  central 
beams  are  two  parts  of  a  Vernier  scale.  By  observing  this  scale,  one  can  measure  the 
rotation  of  the  beams. 

If  the  connections  between  the  legs  and  the  central  beams  were  simple  pin 
connections,  the  strain  £  of  the  legs  (the  fraction  of  expansion  or  contraction) 
could  be  determined  simply  by  the  measured  rotation  and  the  geometry  of  the 
device,  namely 

e  =  4eam4ffset  ,  (24.2) 

^-^centralMeg 

where  rfbeam  is  the  lateral  deflection  of  the  end  of  one  central  beam,  ^offset  lS  the 
distance  between  the  connections  of  the  opposing  legs,  Lcentrai xs  the  length  of  the 
central  beam  (measured  to  the  center  point  between  the  leg  connections),  and  Lleg  is 
the  length  of  the  leg.  However,  since  the  entire  device  was  fabricated  from  a  single 
polysilicon  film,  this  cannot  be  the  case;  some  bending  must  occur  at  the  connec- 
tions. As  a  result,  to  get  an  accurate  determination  of  the  strain  relieved  upon 
release,  finite  element  analysis  (FEA)  of  the  structure  must  be  performed.  This  is  a 
common  situation  for  microde vices.  FEA  is  a  powerful  tool  for  determining  the 
displacements  and  stresses  of  nonideal  geometries.  One  drawback  is  that  the 
Young's  modulus  of  the  material  must  be  known  in  order  to  do  the  FEA  as  well 
as  to  convert  the  measured  strain  into  a  stress  value.  But  Young's  moduli  are  known 
for  many  micromachined  materials  or  they  can  be  measured  using  other  techniques. 
Other  devices  besides  rotating  strain  gauges  have  been  designed  that  can  mea- 
sure residual  stresses.  One  of  the  simplest  is  a  doubly  clamped  beam,  a  long,  narrow 
beam  of  constant  width  and  thickness  that  is  anchored  to  the  substrate  at  both  ends. 
If  the  beam  contains  a  tensile  stress  it  will  remain  straight,  but  if  the  beam  contains  a 
compressive  stress  it  will  buckle  if  its  length  exceeds  a  critical  value  /cr  according  to 
the  Euler  buckling  criterion  [8] 

h"2 


*— ITU-'" 

where  £,.  is  the  residual  strain  in  the  beam  and  h  is  the  width  or  thickness  of  the 
beam,  whichever  is  less.  To  determine  the  residual  strain,  a  series  of  doubly 
clamped  beams  of  varying  lengths  are  fabricated.  In  this  way,  the  critical  length 
for  buckling  la  can  be  deduced  after  release.  One  problem  with  this  technique  is 
that  during  the  release  process,  any  turbulence  in  the  solution  will  lead  to  enhanced 
buckling  of  the  beams,  and  a  low  value  for  /cr  will  be  obtained. 

For  films  with  tensile  stresses,  a  similar  analysis  can  be  performed  using  ring- 
and-beam  structures,  also  called  Guckel  rings  after  their  inventor,  Henry  Guckel. 
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Fig.  24.3    Schematic 
showing  (a)  top  view  and 
(b)  side  view  of  Guckel  ring 
structures  (after  [8]).  The 
dashed  lines  in  (a)  indicate 
the  anchors 


i     r 


A  schematic  of  this  design  is  shown  in  Fig.  24.3  [8].  Tensile  stress  in  the  outer  ring 
will  cause  it  to  contract.  This  will  lead  to  compressive  stress  in  the  central  beam, 
even  though  the  material  was  originally  tensile  before  release.  The  amount  of 
compression  in  the  central  beam  can  be  determined  analytically  from  the  geometry 
of  the  device  and  the  residual  strain  of  the  material.  Again,  by  changing  the  length 
of  the  central  beam  it  is  possible  to  determine  /cr,  and  then  the  residual  strain  can  be 
deduced. 


Stress  Gradient  Measurements 

For  structures  fabricated  from  thin  deposited  films,  the  stress  gradient  can  be  just  as 
important  as  the  stress  itself.  Figure  24.4  shows  a  portion  of  a  silicon  microactuator. 
The  device  is  designed  to  be  completely  planar;  however,  stress  gradients  in  the  film 
cause  the  structures  to  bend.  This  figure  illustrates  the  importance  of  characterizing 
and  controlling  stress  gradients,  and  it  also  demonstrates  that  stress  gradients  are 
most  easily  measured  for  a  simple  cantilever  beam.  By  measuring  the  end  deflection 
5  of  a  cantilever  beam  of  length  /  and  thickness  t,  the  stress  gradient  da/dt  is 
determined  by  [9] 


da 
d? 


2(5     E 


P  1 


(24.4) 


The  magnitude  of  the  end  deflection  can  be  measured  by  microscopy,  optical 
interferometry,  or  any  other  technique. 

Another  useful  structure  for  measuring  stress  gradients  is  a  spiral.  For  this 
structure,  the  end  of  the  spiral  not  anchored  to  the  substrate  will  move  out-of- 
plane.  The  diameter  of  the  spiral  will  also  contract,  and  the  free  end  of  the  spiral  will 
rotate  when  released  [10]. 
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Fig.  24.4    Scanning  electron 
micrograph  (SEM)  of  a 
portion  of  a  silicon 
microactuator.  Residual  stress 
gradients  in  the  silicon  cause 
the  structure  to  bend 


Strength  and  Fracture  Toughness  Measurements 


As  mentioned  above,  if  a  doubly  clamped  beam  contains  a  tensile  stress,  it  will 
remain  taut  when  released  because  it  cannot  relieve  any  of  its  stress  by  contracting. 
This  tensile  stress  can  be  thought  of  as  a  tensile  load  being  applied  at  the  ends  of  the 
beam.  If  this  tensile  load  exceeds  the  tensile  strength  of  the  material,  the  beam  will 
break.  Since  the  tensile  stress  can  be  measured,  as  discussed  in  the  Sect.  24.2.1,  this 
technique  can  be  used  to  gather  information  on  the  strength  of  materials.  Figure 
24.5  shows  two  different  beam  designs  that  have  been  used  to  measure  strength. 
The  device  shown  in  Fig.  24.5a  was  fabricated  from  a  tensile  polysilicon  film  [11]. 
Different  beams  were  designed  with  varying  lengths  of  the  wider  regions  (marked  /; 
in  the  figure).  In  this  manner,  the  load  applied  to  the  narrow  center  beam  was  varied, 
even  though  the  entire  film  contained  a  uniform  residual  tensile  stress.  For  /t  greater 
than  a  critical  value,  the  narrow  center  beam  fractured,  giving  a  measurement  for 
the  tensile  strength  of  polysilicon. 

The  design  shown  in  Fig.  24.5b  was  fabricated  from  a  tensile  SivNy  film  [12].  As 
seen  in  the  figure,  a  stress  concentration  was  included  in  the  beam,  to  ensure  the 
fracture  strength  would  be  exceeded.  In  this  case,  a  notch  was  etched  into  one  side 
of  the  beam.  Since  the  stress  concentration  is  not  symmetric  with  regard  to  the  beam 
axis,  this  results  in  a  large  bending  moment  at  that  position,  and  the  test  measures 
the  bend  strength  of  the  material.  Again,  like  the  beams  shown  in  Fig.  24.5a,  the 
geometry  of  various  beams  fabricated  from  the  same  film  were  varied,  to  vary  the 
maximum  stress  seen  at  the  notch.  By  seeing  which  beams  fracture  at  the  stress 
concentration  after  release,  the  strength  can  be  determined. 

The  fracture  toughness  of  a  material  can  be  determined  with  a  similar  technique, 
but  an  atomically  sharp  pre-crack  is  used  instead  of  a  stress  concentration.  Sharp 
pre-cracks  can  be  introduced  into  micromachined  structures  before  release  by 
adding  a  Vickers  indent  onto  the  substrate,  near  the  device;  the  radial  crack  formed 
by  the  indent  will  propagate  into  the  overlying  structure  [13].  Accordingly,  the 
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Fig.  24.5    Schematic  designs 
of  doubly  clamped  beams 
with  stress  concentrations 
used  for  measuring  strength. 

(a)  was  fabricated  from 
polysilicon  (after  [11])  and 

(b)  was  fabricated  from  SivNv 
(after  [12]) 


3  /[  =  20-1200 um    /f  =  20um  /, 


Q 


:50um    4 


Anchor  Narrow 

center 
beam 


b    Top  vi 


view 


AV 


± 


w2  = 
2um 


D 


Tensile  stress 
Implantation  window 


AV 


_r 


AV 


AV 


Fig.  24.6    (a)  SEM  of  a 

500  um-long  polysilicon 
beam  with  a  Vickers  indent 
placed  near  its  center;  (b) 
higher  magnification  SEM  of 
the  area  near  the  indent 
showing  the  pre-crack 
traveling  from  the  substrate 
into  the  beam  (after  [14]) 


beam  with  a  sharp  pre-crack,  shown  in  Fig.  24.6,  was  fabricated  using  polysilicon 
[14].  Due  to  the  stochastic  nature  of  indentation,  the  initial  pre-crack  length  varies 
from  beam  to  beam.  Because  of  this,  even  though  the  geometry  of  the  beam  remains 
identical,  the  stress  intensity  K  at  the  pre-crack  tip  will  vary.  Upon  release,  only 
those  pre-cracks  whose  K  exceeds  the  fracture  toughness  of  the  material  Kic  will 
propagate,  and  in  this  way  upper  and  lower  bounds  for  Klc  can  be  determined  for  the 
material. 

For  materials  that  do  not  normally  contain  residual  tensile  stresses,  composite 
beams  can  be  fabricated.  In  this  technique,  a  portion  of  the  beam  length  is  fabricated 
from  a  highly  tensile  material,  and  the  rest  of  the  beam  from  the  material  to  be 
tested.  The  two  materials  must  exhibit  perfect  adhesion.  When  released,  the  tensile 
material  will  tend  to  contract,  putting  the  rest  of  the  beam  in  tension.  This  has  been 
demonstrated  for  evaporated  Al  films  with  highly  tensile  CVD  SiN  [15]. 

For  all  of  the  beams  discussed  in  this  section,  finite  element  analysis  is  required  to 
determine  the  stress  concentrations  and  stress  intensities.  Even  though  approximate 
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analytical  solutions  may  exist  for  these  designs,  the  actual  fabricated  structure  will 
not  have  idealized  geometries.  For  example,  corners  will  never  be  perfectly  sharp, 
and  cracks  will  never  be  perfectly  straight.  This  reinforces  the  idea  that  FEA  is  a 
powerful  tool  when  determining  mechanical  properties  of  very  small  structures. 


24.2.2    Active  Structures 

As  discussed  above,  it  is  very  convenient  to  design  structures  that  act  upon  release 
to  provide  information  on  the  mechanical  properties  of  the  structural  materials.  This 
is  not  always  possible,  however.  For  example,  those  passive  devices  just  discussed 
rely  on  residual  stresses  to  create  the  changes  (rotation  or  fracture)  that  occur  upon 
release,  but  many  materials  do  not  contain  high  residual  stresses  as-deposited,  or  the 
processing  scheme  of  the  device  precludes  the  generation  of  residual  stresses.  Also, 
some  mechanical  properties,  such  as  fatigue  resistance,  require  motion  before  they 
can  be  studied.  Active  devices  are  therefore  used.  These  are  acted  upon  by  a  force 
(the  source  of  this  force  can  be  integrated  into  the  device  itself  or  can  be  external  to 
the  device)  in  order  to  create  a  change,  and  the  mechanical  properties  are  studied 
via  the  response  to  the  force. 


Young's  Modulus  Measurements 

Young's  modulus  £  is  a  material  property  critical  to  any  structural  device  design. 
It  describes  the  elastic  response  of  a  material  and  relates  stress  a  and  strain  s  by 


Ee. 


(24.5) 


In  bulk  samples,  E  is  often  measured  by  loading  a  specimen  under  tension 
and  measuring  displacement  as  a  function  of  stress  for  a  given  length.  While  this 
is  far  more  difficult  for  small  structures,  such  as  those  fabricated  from  thin  deposi- 
ted films,  it  can  be  achieved  with  careful  experimental  techniques.  Figure  24.7 


Fig.  24.7    Schematic  of  a 
measurement  system  for 
tensile  loading  of 
micromachined  specimens 
(after  [16]) 
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shows  a  schematic  of  one  such  measurement  system  [16].  The  fringe  detectors  in 
the  figure  detect  the  reflected  laser  signal  from  two  gold  lines  deposited  onto  the 
polysilicon  specimen,  which  act  as  gauge  markers.  This  enables  the  strain  in  the 
specimen  during  loading  to  be  monitored.  Besides  gold  lines,  Vickers  indents 
placed  in  a  nickel  specimen  can  also  serve  as  gauge  markers  [17],  or  a  speckle 
interferometry  technique  [18]  can  be  used  to  determine  strain  in  the  specimen.  Once 
the  stress-versus-strain  behavior  is  measured,  the  slope  of  the  curve  is  equal  to  E. 
By  using  a  constant  load,  such  as  a  dead  weight,  and  resistive  heating,  high- 
temperature  creep  can  also  be  investigated  with  this  method  [19]. 

In  addition  to  the  tensile  test,  Young's  modulus  can  be  determined  by  other 
measures  of  stress-strain  behavior.  As  seen  in  Fig.  24.8,  a  cantilever  beam  can  be 
bent  by  pushing  on  the  free  end  with  a  nanoindenter  [20].  The  nanoindenter  can 
monitor  the  force  applied  and  the  displacement,  and  simple  beam  theory  can  convert 
the  displacement  into  strain  in  order  to  obtain  E.  A  similar  technique,  shown  sche- 
matically in  Fig.  24.9  [21],  involves  pulling  downward  on  a  cantilever  beam  by  means 
of  an  electrostatic  force.  An  electrode  is  fabricated  into  the  substrate  beneath  the 
cantilever  beam,  and  a  voltage  is  applied  between  the  beam  and  the  bottom  electrode. 
The  force  acting  on  the  beam  is  equal  to  the  electrostatic  force  corrected  to  include  the 
effects  of  fringing  fields  acting  on  the  sides  of  the  beam,  namely 


F(x)  =  — . 

2  \g  +  Ax) 


0.65[£  +  z(a-)] 


(24.6) 


where  E(x)  is  the  electrostatic  force  at  x,  eq  is  the  dielectric  constant  of  air,  g  is  the 
gap  between  the  beam  and  the  bottom  electrode,  z(x)  is  the  out-of-plane  deflection 
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Fig.  24.8    Schematic  of  a  nanoindenter  loading  mechanism  pushing  on  the  end  of  a  cantilever 
beam  (after  [20]) 
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Fig.  24.9    Schematic  of  a 
cantilever  beam  bending  test 
using  an  electrostatic  voltage 
to  pull  the  beam  toward  the 
substrate  (after  [21]) 
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Fig.  24.10    Schematic  of  an 
externally  loaded  doubly- 
clamped  beam  (after  [22]) 
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of  the  beam,  w  is  the  beam  width,  and  Vis  the  applied  voltage  [21].  In  this  work,  the 
deflection  of  the  beam  as  a  function  of  position  is  measured  using  optical  interfer- 
ometry.  These  measurements  combine  to  give  stress-strain  behavior  for  the  canti- 
lever beam.  An  extension  of  this  technique  uses  doubly  clamped  beams  instead  of 
cantilever  beams.  In  this  case,  the  deflection  of  the  beam  at  a  given  electrostatic 
force  depends  on  the  residual  stress  in  the  material  as  well  as  Young's  modulus. 
This  method  can  therefore  also  be  used  to  measure  residual  stresses  in  doubly 
clamped  beams. 

Similarly,  an  external  load  can  be  applied  to  the  center  of  the  doubly-clamped 
beam,  instead  of  using  an  electrostatic  force,  as  shown  in  Fig.  24.10  [22].  The  beam 
deflection  is  monitored  using  optical  interferometry.  Yet  another  variation  is  illu- 
strated in  Fig.  24.1 1  [23].  In  this  technique,  the  externally  applied  downward  force 
is  transferred  to  a  film  of  any  material  deposited  onto  the  device. 

Another  device  that  can  be  fabricated  from  a  thin  film  and  used  to  investigate 
stress-strain  behavior  is  a  suspended  membrane,  as  shown  in  Fig.  24.12  [24].  As 
depicted  in  the  schematic  figure,  the  membrane  is  exposed  to  an  elevated  pressure 
on  one  side,  causing  it  to  bulge  in  the  opposite  direction.  The  deflection  of  the 
membrane  is  measured  by  optical  or  other  techniques  and  related  to  the  strain  in  the 
membrane.  These  membranes  can  be  fabricated  in  any  shape,  typically  square  or 
circular.  Both  analytical  solutions  and  finite  element  analyses  have  been  performed 
to  relate  the  deflection  to  the  strain.  Like  the  doubly  clamped  beams,  both  Young's 
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Fig.  24.11    Schematic  of  a 
device  that  transfers  external 
vertical  loads  to  in-plane 
tensile  loads  in  deposited 
films  (after  [23]) 
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Fig.  24.12  Schematic  cross 
section  of  a  microfabricated 
membrane  (after  [24]) 
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modulus  and  residual  stress  play  a  role  in  the  deflected  shape.  Both  of  these 
mechanical  properties  can  therefore  be  determined  by  the  pressure-versus-deflection 
performance  of  the  membrane. 

Another  measurement  besides  stress-strain  behavior  that  can  reveal  the  Young's 
modulus  of  a  material  is  the  determination  of  the  natural  resonance  frequency.  For  a 
cantilever,  the  resonance  frequency  ft  for  free  undamped  vibration  is  given  by 


.3l 

4ti!2 


aV/2 

3p)     ' 


(24.7) 


where  p,  I  and  t  are  the  density,  length  and  thickness  of  the  cantilever;  A,  is  the 
eigenvalue,  where  i  is  an  integer  that  describes  the  resonance  mode  number;  for  the 
first  mode  kx  =  1.875  [25].  Given  the  geometry  and  density,  measuring/,,  allows 
E  to  be  determined.  The  cantilever  can  be  vibrated  by  a  number  of  techniques, 
including  a  laser,  loudspeaker  or  piezoelectric  shaker.  The  frequency  that  produces 
the  highest  amplitude  of  vibration  is  the  resonance  frequency. 
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Fig.  24.13    SEMofa 
polysilicon  lateral  resonator 
(after  [27]) 


A  micromachined  device  that  uses  an  electrostatic  comb  drive  and  an  AC  signal 
to  generate  the  vibration  of  the  structure  is  known  as  a  lateral  resonator  [26].  One 
example  is  shown  in  Fig.  24.13  [27].  When  a  voltage  is  applied  across  either  set  of 
the  interdigitated  comb  fingers  shown  in  Fig.  24.13,  an  electrostatic  attraction  is 
generated  due  to  the  increase  in  capacitance  as  the  overlap  between  the  comb 
fingers  increases.  The  force  F  generated  by  the  comb-drive  is  given  by 

1  dC    0  h    , 

F  =  -—V2=m-V\  (24.8) 

2  ox  g 

where  C  is  capacitance,  x  is  the  distance  traveled  by  one  comb-drive  toward  the 
other,  n  is  the  number  of  pairs  of  comb  fingers  in  one  drive,  e  is  the  permittivity  of  the 
fluid  between  the  fingers,  h  is  the  height  of  the  fingers,  g  is  the  gap  spacing  between 
the  fingers,  and  Vis  the  applied  voltage  [26].  When  an  AC  voltage  at  the  resonance 
frequency  is  applied  across  either  of  the  two  comb  drives,  the  central  portion  of  the 
device  will  vibrate.  In  fact,  since  force  depends  on  the  square  of  the  voltage  for 
electrostatic  actuation,  for  a  time  t,  a  dependent  drive  voltage  vD(?)  (given  by 

oD(t)  =  VP  +  ud  sin(cor),  (24.9) 

where  VP  is  the  DC  bias  and  v<j  is  the  AC  drive  amplitude),  the  time-dependent 
portion  of  the  force  will  scale  with 

2a>VpUdcos((ot)  +  <jm\  sin(2co?)  (24.10) 

[26].  Therefore,  if  an  AC  drive  signal  is  used  with  no  DC  bias,  at  resonance,  the 
frequency  of  the  AC  drive  signal  will  be  one  half  of  the  resonance  frequency.  For 
this  device,  the  resonance  frequency/,,  will  be 
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where  ksys  is  the  spring  constant  of  the  support  beams  and  M  is  the  mass  of  the 
portion  of  the  device  that  vibrates.  The  spring  constant  is  given  by 

ksys  =  24EI/L\  (24.12) 

hw3 
1  =  ^,  (24.13) 

where  /  is  the  moment  of  inertia  of  the  beams,  and  L,  h  and  w  are  the  length, 
thickness,  and  width  of  each  beam.  Therefore,  by  combining  these  equations  and 
measuring/,.,  it  is  possible  to  determine  E. 

One  distinct  advantage  of  the  lateral  resonator  technique  and  the  electrostatically 
pulled  cantilever  technique  for  measuring  Young's  modulus  is  that  they  require  no 
external  loading  sources.  Portions  of  the  devices  are  electrically  contacted,  and  a 
voltage  is  applied.  For  the  pure  tension  tests,  as  shown  in  Fig.  24.7,  the  specimen 
must  be  attached  to  a  loading  system,  which  can  be  extremely  difficult  for  the  very 
small  specimens  discussed  here,  and  any  misalignment  or  eccentricity  in  the  test 
could  lead  to  unreliable  results.  However,  the  advantage  of  the  externally  loaded 
technique  is  that  there  are  no  limitations  on  the  type  of  materials  that  can  be  tested. 
Conductivity  is  not  a  requirement,  nor  is  any  compatibility  with  electrical  actuation. 


Strength  and  Fracture  Toughness  Measurements 

As  one  might  expect,  any  of  the  techniques  discussed  in  the  previous  section  that 
strain  specimens  in  order  to  measure  Young's  modulus  can  also  be  used  to  measure 
fracture  strength.  The  load  is  simply  increased  until  the  specimen  breaks.  As  long 
as  either  the  load  or  the  strain  is  measured  at  fracture,  and  the  geometry  of  the 
specimen  is  known,  the  maximum  stress  required  for  fracture  ercrit  can  be  deter- 
mined, either  through  analytical  analysis  or  FEA.  Depending  on  the  geometry  of  the 
test,  ercrit  will  represent  the  tensile  or  bend  strength  of  the  material. 

If  the  available  force  is  limited,  or  if  a  localized  fracture  site  is  desired,  stress 
concentrations  can  be  added  to  the  specimens.  These  are  typically  notches  micro- 
machined  into  the  edges  of  specimens.  Focused  ion  beams  have  also  been  used  to 
carve  stress  concentrations  into  fracture  specimens. 

All  of  the  external  loading  schemes,  such  as  those  shown  in  Figs.  24.7  and  24.8, 
have  been  used  to  measure  fracture  strength.  Also,  the  electrostatically  loaded 
doubly  clamped  beams  can  be  pulled  until  they  fracture.  In  this  case,  there  is  one 
complication.  The  electrostatic  force  is  inversely  proportional  to  the  distance 
between  the  electrodes,  and  at  a  certain  voltage,  called  the  pull-in  voltage,  the 
attraction  between  the  beam  and  the  substrate  will  become  so  great  that  the  beam 
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Fig.  24.14    (a)  SEM  of  a  device  for  measuring  bend  strength  of  polysilicon  beams;  (b)  image  of  a 
test  in  process;  (c)  higher  magnification  view  of  one  beam  shortly  before  breaking  (after  [28]) 


will  immediately  be  pulled  into  contact  with  the  bottom  electrode.  As  long  as  the 
fracture  takes  place  before  the  pull-in  voltage  is  reached,  the  experiment  will  give 
valid  results. 

Other  loading  techniques  have  been  used  to  generate  fracture  of  microspeci- 
mens.  Figure  24.14  [28]  shows  one  device  designed  to  be  pushed  by  the  end  of  a 
micromanipulated  needle.  The  long  beams  that  extend  from  the  sides  of  the  central 
shuttle  come  into  contact  with  anchored  posts,  and,  at  a  critical  degree  of  bending, 
the  beams  will  break  off.  Since  the  applied  force  cannot  be  measured  in  this 
technique,  the  experiment  is  continuously  optically  monitored  during  the  test,  and 
the  image  of  the  beams  just  before  fracture  is  analyzed  to  determine  ercrit. 

Another  loading  scheme  that  has  been  demonstrated  for  micromachined  speci- 
mens utilizes  scratch  drive  actuators  to  load  the  specimens  [29].  These  types  of 
actuators  work  like  inchworms,  traveling  across  a  substrate  in  discrete  advances  as 
an  electrostatic  force  is  repeatedly  applied  between  the  actuator  and  the  substrate. 
The  stepping  motion  can  be  made  on  the  nanometer  scale,  depending  on  the 
frequency  of  the  applied  voltage,  and  so  it  can  be  an  acceptable  approximation  to 
continuous  loading.  One  advantage  of  this  scheme  is  that  very  large  forces  can  be 
generated  by  relatively  small  devices.  The  exact  forces  generated  cannot  be 
measured,  so  (like  the  technique  that  used  micromanipulated  pushing)  the  test  is 
continuously  observed  to  determine  the  strain  at  fracture.  Another  advantage  of  this 
technique  is  that,  like  the  lateral  resonator  and  the  electrically  pulled  cantilever,  the 
loading  takes  place  on-chip,  and  therefore  the  difficulties  associated  with  attaching 
and  aligning  an  external  loading  source  are  eliminated. 

Another  on-chip  actuator  used  to  load  microspecimens  is  shown  in  Fig.  24.15, 
along  with  three  different  microspecimens  [14].  Devices  have  been  fabricated  with 
each  of  the  three  microspecimens  integrated  with  the  same  electrostatic  comb-drive 
actuator.  In  all  three  cases,  when  a  DC  voltage  is  applied  to  the  actuator,  it  moves 
downward,  as  oriented  in  Fig.  24.15.  This  pulls  down  on  the  left  end  of  each  of 
the  three  microspecimens,  which  are  anchored  on  the  right.  The  actuator  contains 
1 ,486  pairs  of  comb  fingers.  The  maximum  voltage  that  can  be  applied  is  limited  by 
the  breakdown  voltage  of  the  medium  in  which  the  test  takes  place.  In  air,  this  limits 
the  voltage  to  less  than  200  V.  As  a  result,  given  a  finger  height  of  4  urn  and  a  gap 
of  2  urn,  and  using  (24.8),  the  maximum  force  generated  by  this  actuator  is  limited 
to  about  1  mN.  Standard  optical  photolithography  has  a  minimum  feature  size  of 
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Fig.  24.15    (a)SEMofa 
micromachined  device  for 
conducting  strength  tests;  the 
device  consists  of  a  large 
comb-drive  electrostatic 
actuator  integrated  with  a 
microspecimen;  (b-d)  SEMs 
of  various  microspecimens 
for  testing  bend  strength, 
tensile  strength  and  fracture 
toughness,  respectively 
(after  [14]) 
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about  2  um.  As  a  result,  the  electrostatic  actuator  cannot  generate  sufficient  force  to 
perform  a  standard  tensile  test  on  MEMS  structural  materials  such  as  polysilicon. 
The  microspecimens  shown  in  Fig.  24.15  are  therefore  designed  such  that  the  stress 
is  amplified. 

The  specimen  shown  in  Fig.  24.15b  is  designed  to  measure  bend  strength.  It 
contains  a  micromachined  notch  with  a  root  radius  of  1  urn.  When  the  actuator  pulls 
downward  on  the  left  end  of  this  specimen,  the  notch  serves  as  a  stress  concentration, 
and  when  the   stress  at  the  notch  root  exceeds   <rcrit,  the   specimen  fractures. 
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The  specimen  in  Fig.  24.15c  is  designed  to  test  tensile  strength.  When  the  left  end  of 
this  specimen  is  pulled  downward,  a  tensile  stress  is  generated  in  the  upper  thin 
horizontal  beam  near  the  right  end  of  the  specimen.  As  the  actuator  continues  to 
move  downward,  the  tensile  stress  in  this  beam  will  exceed  the  tensile  strength, 
causing  fracture.  Finally,  the  specimen  in  Fig.  24.15d  is  similar  to  that  in 
Fig.  24.15b,  except  that  the  notch  is  replaced  by  a  sharp  pre-crack  that  was  produced 
by  the  Vickers  indent  placed  on  the  substrate  near  the  specimen.  When  this  specimen 
is  loaded,  a  stress  intensity  K  is  generated  at  the  crack  tip.  When  the  stress  intensity 
exceeds  a  critical  value  A"lc,  the  crack  propagates.  Kic  is  also  referred  to  as  the  fracture 
toughness. 

The  force  generated  by  the  electrostatic  actuator  can  be  calculated  using  (24.8). 
However,  (24.8)  assumes  a  perfectly  planar,  two-dimensional  device.  In  fact,  when 
actuated,  the  electric  fields  extend  out  of  the  plane  of  the  device,  and  so  (24.8)  is  just 
an  approximation.  Instead,  like  many  of  the  techniques  discussed  in  this  section,  the 
test  is  continuously  monitored,  and  the  actuator  displacement  at  the  time  of  fracture 
is  recorded.  Then  FEA  is  used  to  determine  the  magnitude  of  the  stress  or  stress 
intensity  seen  by  the  specimen  at  the  point  of  fracture. 

In  order  to  generate  sufficient  force  to  conduct  tensile  tests,  a  similar  device  to 
that  shown  in  Fig.  24.15  has  been  designed  which  uses  an  array  of  parallel  plate 
capacitors  to  provide  the  force,  instead  of  comb-drives  [30].  In  this  way  the 
available  force  is  increased  but  the  maximum  stroke  is  severely  limited. 


Fatigue  Measurements 

A  benefitof  the  electrostatic  actuator  shown  in  Fig.  24. 15  is  that,  besides  monotonic 
loading,  it  can  generate  cyclic  loading.  This  allows  the  fatigue  resistance  of 
materials  to  be  studied.  Simply  by  using  an  AC  signal  instead  of  a  DC  voltage, 
the  device  can  be  driven  at  its  resonant  frequency.  The  amplitude  of  the  resonance 
depends  on  the  magnitude  of  the  AC  signal.  This  amplitude  can  be  increased  until 
the  specimen  breaks;  this  will  investigate  the  low-cycle  fatigue  resistance.  Other- 
wise, the  amplitude  of  resonance  can  be  left  constant  at  a  level  below  that  required 
for  fast  fracture,  and  the  device  will  resonate  indefinitely  until  the  specimen  breaks; 
this  will  investigate  high-cycle  fatigue.  It  should  be  noted  that  the  resonance 
frequency  of  such  a  device  is  about  10  kHz.  Therefore,  it  is  possible  to  stress  a 
specimen  for  over  10  cycles  in  less  than  a  day.  In  addition  to  simple  cyclic  loading, 
a  mean  stress  can  be  superimposed  on  the  cyclic  load  if  a  DC  bias  is  added  to  the 
AC  signal.  In  this  way,  nonsymmetric  cyclic  loading  (with  a  large  tensile  stress 
alternating  with  a  small  compressive  stress,  or  vice  versa)  can  be  studied. 

Another  device  that  can  be  used  to  investigate  fatigue  resistance  in  MEMS 
materials  is  shown  in  Fig.  24.16  [31].  In  this  case,  a  large  mass  is  attached  to  the 
end  of  a  notched  cantilever  beam.  The  mass  contains  two  comb  drives  on  opposite 
ends.  When  an  AC  signal  is  applied  to  one  comb  drive,  the  device  will  resonate, 
cyclically  loading  the  notch.  The  comb  drive  on  the  opposite  side  is  used  as  a 
capacitive  displacement  sensor.  This  device  contains  many  fewer  comb  fingers  than 
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Fig.  24.16  SEM  of  a  device  used  to  investigate  fatigue;  the  image  on  the  right  is  a  higher 
magnification  view  of  the  notch  near  the  base  of  the  moving  part  of  the  structure  (after  [31]): 
(a)  mass,  (b)  comb-drive  actuator,  (c)  capacitive  displacement  sensor 

the  device  shown  in  Fig.  24.15.  As  a  result,  it  can  apply  cyclic  loads  by  exploiting 
the  resonance  frequency  of  the  device,  but  it  cannot  supply  sufficient  force  to 
achieve  monotonic  loading. 

Fatigue  loading  has  also  been  studied  using  the  same  external  loading  techniques 
shown  in  Fig.  24.7.  In  this  case,  the  frequency  of  the  cyclic  load  is  considerably 
lower,  since  the  resonance  frequency  of  the  device  is  not  being  utilized.  This  leads 
to  longer  high-cycle  testing  times.  Since  the  force  is  essentially  unlimited,  however, 
this  technique  allows  a  variety  of  frequencies  to  be  studied  to  determine  their  effect 
on  the  fatigue  behavior. 


Friction  and  Wear  Measurements 


Frictionis  another  property  that  has  been  studied  in  micromachined  structures.  To 
study  friction,  of  course,  two  surfaces  must  be  brought  into  contact  with  each  other. 
This  is  usually  avoided  at  all  costs  for  these  devices  because  of  the  risk  of  stiction. 
(Stiction  is  the  term  used  when  two  surfaces  that  come  into  contact  adhere  so 
strongly  that  they  cannot  be  separated.)  Even  so,  a  few  devices  have  been  designed 
that  can  investigate  friction.  One  of  these  is  shown  schematically  in  Fig.  24.17  [32]. 
It  consists  of  a  movable  structure  with  a  comb-drive  on  one  end  and  a  cantilever 
beam  on  the  other.  Beneath  the  cantilever,  on  the  substrate,  is  a  planar  electrode. 
The  device  is  moved  to  one  side  using  the  comb-drive.  Then  a  voltage  is  applied 
between  the  cantilever  beam  and  the  substrate  electrode.  The  voltage  on  the  comb- 
drive  is  then  released.  The  device  would  normally  return  to  its  original  position,  to 
relax  the  deflection  in  the  truss  suspensions,  but  the  friction  between  the  cantilever 
and  the  substrate  electrode  holds  it  in  place.  The  voltage  to  the  substrate  electrode  is 
slowly  decreased  until  the  device  starts  to  slide.  Given  the  electrostatic  force 
generated  by  the  substrate  electrode  and  the  stiffness  of  the  truss  suspensions,  it 
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Fig.  24.17  Schematics  depicting  a  device  used  to  study  friction.  Panel  (a)  shows  top  and  side 
views  of  the  device  in  its  original  position,  and  panel  (b)  shows  vie ws  of  the  device  after  it  has  been 
displaced  using  the  comb-drive  and  clamped  using  the  substrate  electrode  (after  [32]) 
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Fig.  24.18    Schematic  cross-section  and  top-view  optical  micrograph  of  a  hinged-cantilever  test 
structure  for  measuring  friction  in  micromachined  devices  (after  [33]) 


is  possible  to  determine  the  static  friction.  For  this  device,  bumps  were  fabricated 
on  the  bottom  of  each  cantilever  beam.  This  limited  the  surface  area  that  came  into 
contact  with  the  substrate  and  so  lowered  the  risk  of  stiction. 

Another  device  designed  to  study  friction  is  shown  in  Fig.  24.18  [33].  This 
technique  uses  a  hinged  cantilever.  The  portion  near  the  free  end  acts  as  the  friction 
test  structure,  and  the  portion  near  the  anchored  end  acts  as  the  driver.  The  friction 
test  structure  is  attracted  to  the  substrate  by  means  of  electrostatic  actuation,  and 
when  a  second  electrostatic  actuator  pulls  down  the  driver,  the  friction  test  structure 
slips  forward  by  a  length  proportional  to  the  forces  involved,  including  the  fric- 
tional  force.  This  distance,  however,  has  a  maximum  of  30  nm,  so  all  measurements 
must  be  exceedingly  accurate  in  order  to  investigate  a  range  of  forces.  This  test 
structure  can  be  used  to  determine  the  friction  coefficients  for  surfaces  with  and 
without  lubricating  coatings. 
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Wear  can  occur  whenever  friction  between  two  contacting  components  is  non- 
zero. Wear  mechanisms  can  entail  plastic  deformation  or  brittle  fracture.  Adhesive 
wear  involves  fusion  between  asperities  of  two  different  components,  followed  by 
fracture.  Wear  in  polysilicon  devices  has  been  investigated  using  transmission 
electron  microscopy  [34]. 


Metal-to-Metal  Contact 

Recently,  radiofrequency  (RF)  MEMS  switches  have  been  developed  that  are 
vast  improvements  over  conventional  technology.  During  operation,  these  devices 
endure  unique  mechanical  metal-to-metal  contacts  that  can  be  serious  reliability 
concerns.  An  example  of  an  RF  MEMS  switch  is  shown  in  Fig.  24.19  [35].  As 
illustrated  in  Fig.  24.19b,  to  close  the  switch  the  metal  bumps  are  brought  into 
contact  with  a  metal  plate,  creating  a  short  circuit.  When  this  occurs,  significant 
pressures  are  developed,  depending  on  the  roughness  and  asperity  heights  on  the 
metal  surfaces.  Also,  if  currents  are  flowing,  Joule  heating  and  arcing  can  also  take 
place.  If  the  contact  area  becomes  large,  through  surface  roughness  modification 
during  operation,  the  adhesive  forces  between  the  two  metal  components  can  exceed 
the  restoring  force  of  the  springs,  and  the  switch  can  become  stuck  in  the  closed 
position.  Alternatively,  high  currents  can  result  in  melting  and  short  circuits  [36].  To 
investigate  this  mechanical  deformation  during  repeated  impact,  the  RF  switches 
themselves  are  usually  examined  before  and  after  operation.  A  separate  testing 
device  has  not  been  designed  that  could  provide  any  accelerated  testing  conditions. 


24.3     Measurements  of  Mechanical  Properties 

All  of  the  techniques  discussed  in  Sects.  24. 1  and  24.2  have  been  used  to  measure  the 
mechanical  properties  of  MEMS  and  NEMS  materials.  As  a  general  rule,  the  results 
from  the  various  techniques  have  agreed  well  with  each  other,  and  the  argument 
becomes  which  of  the  measurement  techniques  is  easiest  and  most  reliable  to  perform. 
It  is  crucial  to  bear  in  mind,  however,  that  certain  properties  (such  as  strength)  are 
process-dependent,  and  so  the  results  taken  at  one  laboratory  will  not  necessarily 
match  those  taken  from  another.  This  will  be  discussed  in  more  detail  in  Sect.  24.3.1. 


24.3.1     Mechanical  Properties  of  Polysilicon 

In  current  MEMS  technology,  the  most  widely  used  structural  material  is  poly- 
silicon deposited  by  low-pressure  chemical  vapor  deposition  (LPCVD).  One  reason 
for  the  prevalence  of  polysilicon  is  the  large  body  of  processing  knowledge  for  this 
material  that  has  been  developed  by  the  integrated  circuit  community.  Another 
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Fig.  24.19    (a)  Micrograph  of 
an  RF  MEMS  switch 
designed  by  Rockwell 
Scientific,  and  (b)  schematic 
drawing  showing  the 
movement  of  the  metal  bridge 
as  it  comes  into  contact  with 
the  underlying  metal  plate 
during  switch  operation  (after 
[35]) 
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reason,  of  course,  is  that  polysilicon  possesses  a  number  of  qualities  that  are 
beneficial  to  MEMS  devices,  in  particular  high  strength  and  Young's  modulus. 
Therefore,  most  of  the  mechanical  properties  investigations  performed  on  MEMS 
materials  have  focused  on  polysilicon. 


Residual  Stresses  in  Polysilicon 


The  residual  stresses  of  LPCVD  polysilicon  have  been  thoroughly  characterized 
using  both  the  wafer  curvature  technique,  discussed  in  Sect.  24.1.1,  and  the  micro- 
strain  gauges,  discussed  in  Sect.  24.2.1.  The  results  from  both  techniques  give 
consistent  values.  Figure  24.20  summarizes  the  residual  stress  measurements  as  a 
function  of  deposition  temperature  taken  from  five  different  investigations  at  five 
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Fig.  24.20    Results  for 
residual  stress  of  LPCVD 
polysilicon  films  taken  from 
five  different  investigations 
(after  [37]).  Data  from  the 
same  investgation  are 
connected  by  a  line 
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different  laboratories  [37].  All  five  sets  of  data  show  the  same  trend.  The  stresses 
change  from  compressive  at  the  lowest  deposition  temperatures  to  tensile  at  inter- 
mediate temperatures  and  back  to  compressive  at  the  highest  temperatures.  The 
exact  transition  temperatures  vary  somewhat  between  the  different  investigations, 
probably  due  to  differences  in  the  deposition  conditions:  the  silane  or  dichlorosilane 
pressure,  the  gas  flow  rate,  the  geometry  of  the  deposition  system,  and  the  temper- 
ature uniformity.  However,  in  each  data  set  the  transitions  are  easily  discernible. 
The  origin  of  these  residual  stress  changes  lies  with  the  microstructure  of  the 
LPCVD  polysilicon  films. 

As  with  all  deposited  films,  the  microstructure  of  the  LPCVD  polysilicon  film  is 
dependent  on  the  deposition  conditions.  In  general,  the  films  are  amorphous  at  the 
lowest  growth  temperatures  (lower  than  ~  570°C),  display  fine  (~  0. 1  um  diameter) 
grains  at  intermediate  temperatures  (~  570  to  ~  610°C),  and  contain  columnar 
(HO)-textured  grains  with  a  thin  fine-grained  nucleation  layer  at  the  substrate 
interface  at  higher  temperatures  (~  610  to  ~  700°C)  [37].  The  fine-grained  micro- 
structure  results  from  the  homogeneous  nucleation  and  growth  of  silicon  grains 
within  an  as-deposited  amorphous  silicon  film.  In  this  regime,  the  deposition  rate  is 
just  slightly  faster  than  the  crystallization  rate.  The  as-deposited  films  will  be 
crystalline  near  the  substrate  interface  and  amorphous  at  the  free  surface.  (The 
amorphous  fraction  can  be  quickly  crystallized  by  annealing  above  610°C.)  The 
columnar  microstructure  seen  at  higher  growth  temperatures  results  from  the  forma- 
tion of  crystalline  silicon  films  as-deposited,  with  growth  being  fastest  in  the  (110) 
directions. 

The  origin  of  the  tensile  stress  in  the  fine-grained  polysilicon  arises  from  the 
volume  decrease  that  accompanies  the  crystallization  of  the  as-deposited  amor- 
phous material.  The  origins  of  the  compressive  stresses  in  the  amorphous  and 
columnar  films  are  less  well  understood.  One  proposed  explanation  for  compressive 
stress  generation  during  thin  film  growth  postulates  that  an  increase  in  the  surface 
chemical  potential  is  caused  by  the  deposition  of  atoms  from  the  vapor;  the  increase 
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in  surface  chemical  potential  induces  atoms  to  flow  into  newly  formed  grain 
boundaries,  creating  a  compressive  stress  in  the  film  [38]. 

Stress  gradients  are  also  typical  of  LPCVD  polysilicon  films.  The  partially 
amorphous  films  contain  large  stress  gradients  since  they  are  essentially  bilayers 
of  compressive  amorphous  silicon  on  top  of  tensile  fine-grained  polysilicon.  The 
fully  crystalline  films  also  exhibit  stress  gradients.  The  columnar  compressive  films 
are  most  highly  stressed  at  the  film-substrate  interface,  with  the  compressive 
stresses  decreasing  as  the  film  thickness  increases;  the  fine-grained  films  are  less 
tensile  at  the  film-substrate  interface,  with  the  tensile  stresses  increasing  as  the  film 
thickness  increases  [37].  Both  stress  gradients  are  associated  with  microstructural 
variations.  For  the  columnar  films,  the  initial  nucleation  layer  corresponds  to  a  very 
high  compressive  stress,  which  decreases  as  the  columnar  morphology  develops. 
For  the  fine-grained  films,  the  region  near  the  film-substrate  interface  has  a  slightly 
smaller  average  grain  size,  due  to  heterogeneous  nucleation  at  the  interface.  This 
region  displays  a  slightly  lower  tensile  stress  than  the  rest  of  the  film,  since  the 
increased  grain  boundary  area  reduces  the  local  density. 


Young's  Modulus  of  Polysilicon 

The  Young's  modulus  of  polysilicon  films  has  been  measured  using  all  of  the 
techniques  discussed  in  Sect.  24.2.2.  A  good  review  of  the  experimental  results 
taken  from  bulge  testing,  tensile  testing,  beam  bending  and  lateral  resonators  are 
contained  in  [39].  All  of  the  reported  results  are  in  reasonable  agreement,  varying 
from  130  to  175  GPa,  though  many  values  are  reported  with  a  relatively  high 
experimental  scatter.  The  main  origin  of  the  error  in  these  results  is  the  uncertainties 
involving  the  geometries  of  the  small  specimens  used  to  make  the  measurements. 
For  example,  from  (24.13),  the  Young's  modulus  determined  by  the  lateral  reso- 
nators depends  on  the  cube  of  the  tether  beam  width,  typically  about  2  um.  In 
general,  the  beam  width  and  other  dimensions  can  be  measured  via  scanning 
electron  microscopy  to  within  about  0.1  urn;  however,  the  width  of  the  beam  is 
not  perfectly  constant  along  the  entire  length  or  even  throughout  the  thickness  of  the 
beam.  These  uncertainties  in  geometry  lead  to  uncertainties  in  modulus. 

In  addition,  the  various  experimental  measurements  lie  close  to  the  Voigt  and 
Reuss  bounds  for  Young's  modulus  calculated  using  the  elastic  stiffnesses  and 
compliances  for  single-crystal  silicon  [39].  This  strongly  implies  that  Young's 
moduli  of  micro-  and  nanomachined  polysilicon  structures  will  be  the  same  as  for 
bulk  samples  made  from  polysilicon.  This  is  not  unexpected,  since  Young's  modu- 
lus is  a  material  property.  It  is  related  to  interatomic  interactions  and  should  have  no 
dependence  on  the  geometry  of  the  sample.  It  should  be  noted  that  polysilicon  can 
display  a  preferred  crystallographic  orientation  depending  on  the  deposition  con- 
ditions, and  that  this  could  affect  the  Young's  modulus  of  the  material,  since  the 
Young's  modulus  of  silicon  is  not  isotropic.  However,  the  anisotropy  is  fairly  small 
for  cubic  silicon. 
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A  more  recent  investigation  that  utilized  electrostatically  actuated  cantilevers 
and  interferometric  deflection  detection  yielded  a  Young's  modulus  of  164  GPa 
[21].  They  found  the  grains  in  their  polysilicon  films  to  be  randomly  oriented,  and 
calculated  the  Voigt  and  Reuss  bounds  to  be  163.4-164.4  GPa.  This  appears  to  be  a 
very  reliable  value  for  randomly  oriented  polysilicon. 


Fracture  Toughness  and  Strength  of  Polysilicon 

Usingthe  device  shown  in  Fig.  24.15a  and  the  specimen  shown  in  Fig.  24.15d,  the 
fracture  toughness  Kic  of  polysilicon  has  been  shown  to  be  1.0  ±  0.1  MPa  m1/2 
[40].  Several  different  polysilicon  microstructures  were  tested,  including  fine- 
grained, columnar  and  multilayered.  Amorphous  silicon  was  also  investigated. 
All  of  the  microstructures  displayed  the  same  STIc.  This  indicates  that,  like  Young's 
modulus,  fracture  toughness  is  a  material  property,  independent  of  the  material 
microstructure  or  the  geometry  of  the  sample. 

A  tensile  test,  such  as  that  shown  in  Fig.  24.7  but  using  a  sample  with  sharp 
indentation-induced  pre-cracks,  yields  a  Kic  of  0.86  MPa  m  [41].  The  passive, 
residual  stress  loaded  beams  with  sharp  pre-cracks  shown  in  Fig.  24.6  gave  a  Klc  of 
0.81  MPa  m1/2  [14]. 

Given  that  Klc  is  a  material  property  for  polysilicon,  the  measured  fracture 
strength  ercril  is  related  to  Klc  by 

4  =  WcritM1/2,  (24.14) 

where  a  is  the  crack-initiating  flaw  size,  and  c  is  a  constant  of  order  unity.  The  value 
for  c  will  depend  on  the  exact  size,  shape  and  orientation  of  the  flaw;  for  a 
semicircular  flaw,  c  is  equal  to  0.71  [42].  Therefore,  any  differences  in  the  reported 
fracture  strength  of  polysilicon  will  be  the  result  of  changes  in  a. 

A  good  review  of  the  experimental  results  available  in  the  literature  for 
polysilicon  strength  is  contained  in  [43].  The  tensile  strength  data  vary  from 
about  0.5  to  5  GPa.  Like  many  brittle  materials,  the  measured  strength  of  poly- 
silicon is  found  to  obey  Weibull  statistics  [44,  45].  This  implies  that  the  poly- 
silicon samples  contain  a  random  distribution  of  flaws  of  various  sizes,  and  that 
the  failure  of  any  particular  specimen  will  occur  at  the  largest  flaw  that  experi- 
ences the  highest  stress.  One  consequence  of  this  behavior  is  that,  since  larger 
specimens  have  a  greater  probability  of  containing  larger  flaws,  they  will  exhibit 
decreased  strengths.  More  specifically,  it  was  found  that  the  most  important 
geometrical  parameter  is  the  surface  area  of  the  sidewalls  of  a  polysilicon 
specimen  [43]  and  single  crystal  silicon  [46]  specimens.  The  sidewalls,  as 
opposed  to  the  top  and  bottom  surfaces,  are  those  surfaces  created  by  etching 
the  polysilicon  film.  This  is  not  surprising  since  LPCVD  polysilicon  films  contain 
essentially  no  flaws  within  the  bulk,  and  the  top  and  bottom  surfaces  are  typically 
very  smooth. 
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As  a  result,  the  etching  techniques  used  to  create  the  structures  will  have  a  strong 
impact  on  the  fracture  strength  of  the  material.  For  single-crystal  silicon  specimens 
it  was  found  that  the  choice  of  etchant  could  change  the  observed  tensile  strength  by 
a  factor  of  two  [47]  and  by  about  20%  for  poly  silicon  [48].  In  addition,  the  bend 
strength  of  amorphous  silicon  was  measured  to  be  twice  that  of  polysilicon  for 
specimens  processed  identically  [40].  It  was  found  that  the  reactive  ion  etching  used 
to  fabricate  the  specimens  produced  much  rougher  sidewalls  on  the  polysilicon  than 
on  the  amorphous  silicon. 

The  tensile  strength  of  single  crystal  silicon  has  also  been  measured  using  a 
technique  similar  to  that  shown  in  Fig.  24.8.  Sharp  notches  were  introduced  into  the 
beams  using  a  focused  ion  beam,  and  the  apparent  fracture  toughness  was  measured 
for  a  variety  of  planes  parallel  to  the  notch  front,  along  which  the  crack  propagated. 
For  the  {110}  notch  plane,  the  fracture  toughness  was  about  1  MPa  m  ,  and  for 
the  { 100)  notch  plane  it  was  about  2  MPa  m1/2  [49,  50]  and  for  the  j  100}  notch 
plane  it  was  about  1  MPa  m1/2  [50]  or  about  2  MPa  m1/2  [49]. 


Fatigue  of  Polysilicon 

Fatigue  failure  involves  fracture  after  a  number  of  load  cycles,  when  each  individ- 
ual load  is  not  sufficient  by  itself  to  generate  catastrophic  cracking  in  the  material. 
For  ductile  materials,  such  as  metals,  fatigue  occurs  due  to  accumulated  damage  at 
the  site  of  maximum  stress  and  involves  local  plasticity.  As  a  brittle  material, 
polysilicon  would  not  be  expected  to  be  susceptible  to  cyclic  fatigue.  However, 
fatigue  has  been  observed  for  polysilicon  tensile  samples  [41],  polysilicon  bend 
specimens  with  notches  [30,  51],  and  polysilicon  bend  specimens  with  sharp  cracks 
[52].  The  exact  origins  of  the  fatigue  behavior  are  still  subject  to  debate,  but  some 
aspects  of  the  experimental  data  are  that  the  fatigue  lifetime  does  not  depend  on  the 
loading  frequency  [41],  the  fatigue  behavior  is  affected  by  the  ambient  [14,  52], 
fatigue  occurs  faster  in  higher  humidities  [53],  and  the  fatigue  depends  on  the  ratio 
of  compressive  to  tensile  stresses  seen  in  the  load  cycle  [14]. 

Fatigue  in  polysilicon  has  been  found  to  either  cause  thickening  of  the  native 
oxide  in  the  highly  stressed  regions  [54],  or  to  cause  no  thickening  of  the  native 
oxide  in  the  highly  stressed  regions  [55].  Even  more  strangely,  fatigue  cycling 
under  certain  conditions  can  lead  to  apparent  strengthening  of  the  polysilicon  [56, 
57].  While  the  exact  mechanism  of  fatigue  in  polysilicon  is  not  known,  dislocations 
have  been  observed  in  tensile  fracture  of  polysilicon  at  room  temperature  [58], 
which  implies  a  role  for  dislocations  in  fatigue  behavior. 


Friction  of  Polysilicon 

The  friction  of  polysilicon  structures  has  been  measured  using  the  techniques 
described  in  Sect.  24.2.2.  The  measured  coefficient  of  friction  was  found  to  vary 
from  4.9  [32]  to  7.8  [33]. 
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The  static  and  dynamic  friction  of  polysilicon  coated  with  monolayer  lubricants 
has  been  measured  with  a  device  similar  to  that  shown  in  Fig.  24.17,  but  using  a 
scratch-drive  actuator  instead  of  a  comb-drive  [59].  The  dynamic  friction  at  0.2  m/s 
was  approximately  80%  of  the  static  friction  value;  the  static  friction  at  zero  applied 
load  was  due  to  an  adhesive  force  of  0.95  nN/um2. 


24.3.2    Mechanical  Properties  of  Other  Materials 

As  discussed  above,  of  all  the  materials  used  for  MEMS  and  NEMS,  polysilicon  has 
generated  the  most  interest  as  well  as  the  most  research  in  mechanical  properties 
characterization.  However,  measurements  have  been  taken  on  other  materials,  and 
these  are  summarized  in  this  section. 

As  discussed  in  Sect.  24.2.2,  one  advantage  of  the  externally  loaded  tension  test,  as 
shown  in  Fig.  24.7,  is  that  essentially  any  material  can  be  tested  using  this  technique. 
As  such,  tensile  strengths  have  been  measured  to  be  0.6-1.9  GPa  for  SiC>2  [60]  and 
0.7-1.1  GPa  for  titanium  [61].  The  yield  strength  for  electrodeposited  nickel  was 
found  to  vary  from  370  to  900  MPa,  depending  on  the  annealing  temperature  [17].  In 
addition,  the  yield  strength  was  strongly  affected  by  the  current  density  during  the 
electrodeposition  process.  Both  the  annealing  and  current  density  effects  were  corre- 
lated to  changes  in  the  microstructure  of  the  material.  The  fatigue  behavior  of 
electrodeposited  Ni  was  also  investigated  [62].  Microstructual  changes  due  to  thermal 
treatments  also  caused  the  yield  strength  of  AlCuMgMn  films  to  vary  from  400  to 
1,000  MPa  [63].  Young's  moduli  were  determined  to  be  100  GPa  for  titanium  [61] 
and  215  GPa  for  electrodeposited  nickel  [17]  and  96  GPa  for  permalloy  [23]. 

The  tensile  strength,  Young's  modulus,  and  Poisson's  ratio  of  silicon  nitride 
were  measured  to  be  5.9  GPa,  0.23  and  257  GPa,  respectively  [64],  and  the  same 
properties  of  amorphous  diamondlike  carbon  were  found  to  be  7.3  GPa,  0.17  and 
759  GPa,  respectively  [65]. 

The  technique  of  bending  cantilever  beams,  shown  in  Fig.  24.8,  can  also  be 
performed  on  a  variety  of  materials.  The  yield  strength  and  Young's  modulus  of 
gold  were  found  to  vary  from  260  MPa  and  57  GPa,  respectively  [20],  to  300  MPa 
and  120  GPa,  respectively  [66],  using  this  method.  The  same  properties  in  Al  were 
measured  to  be  150  MPa  and  80  GPa,  respectively  [66],  and  in  silicon  nitride  to  be 
6.9  and  260  GPa,  respectively  [67].  Using  a  technique  similar  to  that  shown  in 
Fig.  24.8,  except  that  a  doubly-clamped  beam  was  used  instead  of  a  cantilever 
beam,  the  fracture  toughness  of  ultrananocrystalline  diamond  was  measured  to  be 
4.5  MPa  m1/2  [68].  Resonating  cantilever  beams  revealed  a  Young's  modulus  for 
gold  of  47  GPa  [69],  and  Young's  moduli  of  1.8  and  14.4  GPa  for  silica  and 
alumina  aerogel  thin  films,  respectively  [70]. 

Another  technique  that  can  be  used  with  a  number  of  materials  is  the  membrane 
deflection  method,  shown  in  Fig.  24.12.  Silicon  nitride  measured  with  this  tech- 
nique revealed  a  Young's  modulus  of  258  GPa  [64]  to  325  GPa  and  a  burst  strength 
of  7.1  GPa  [71].  A  polyimide  membrane  gave  a  residual  stress  of  32  MPa, 
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a  Young's  modulus  of  3.0  GPa,  and  an  ultimate  strain  of  about  four  percent  [24]. 
Membranes  were  also  fabricated  from  polycrystalline  SiC  films  with  two  different 
grain  structures  [72].  The  film  with  (HO)-texture  columnar  grains  had  a  residual 
stress  of  434  MPa  and  a  Young's  modulus  of  349  GPa.  The  film  with  equiaxed 
(110)-  and  (lll)-textured  grains  had  a  residual  stress  of  446  MPa  and  a  Young's 
modulus  of  456  GPa.  Al  and  Ni  membranes  revealed  Young's  moduli  of  70  and 
200  GPa,  respectively  [73].  Polymeric  SU-8  displayed  a  fracture  strength  of 
73  MPa  and  a  very  low  creep  rate  [74]. 

Other  devices  that  are  used  to  measure  mechanical  properties  require  more 
complicated  micromachining,  namely  patterning,  etching  and  release,  in  order  to 
operate.  These  devices  are  more  difficult  to  fabricate  with  materials  that  are  not 
commonly  used  as  MEMS  structural  materials.  However,  the  following  examples 
demonstrate  work  in  this  area.  The  structure  shown  in  Fig.  24.5b  was  fabricated  from 
SivNv  and  revealed  a  apparent  fracture  toughness  of  1.8  MPa  m  [12].  The  devices 
shown  in  Fig.  24.6  revealed  a  fracture  toughness  of  SiC  of  3. 1  MPa  m1/2  [75] .  Similar 
composite  beams  gave  a  yield  strength  of  625  MPa  and  a  strain  at  crack  initiation  of 
0.3  for  Al  [15].  Devices  as  shown  in  Fig.  24.10  showed  a  fracture  toughness  of 
diamond  of  4.6  MPa  m1/2  [22],  a  Young's  modulus  of  Cu  of  115  GPa  [76],  and  a 
Young's  modulus  and  yield  strength  of  Mo  of  231  and  1.76  GPa,  respectively  [77]. 

Lateral  resonators  of  the  type  shown  in  Fig.  24.13  were  processed  using  single 
crystal  and  polycrystalline  SiC,  and  the  Young's  modulus  was  determined  to  be 
between  360  GPa  [78]  and  426  GPa  [79].  Resonating  beams  revealed  the  tempera- 
ture coefficient  of  Young's  modulus  to  be  —53  ppm/K  [80].  The  device  shown  in 
Fig.  24.14  was  fabricated  from  polycrystalline  germanium,  and  used  to  measure  a 
bend  strength  of  1.5  GPa  for  unannealed  Ge  and  2.2  GPa  for  annealed  Ge  [81].  The 
same  device  was  also  fabricated  from  SiC  and  revealed  a  bend  strength  of  23  GPa 
[82].  Devices  similar  to  that  shown  in  Fig.  24.15  revealed  the  tensile  strength  of 
silicon  nitride  to  be  6.4  GPa  [71],  and  the  Young's  modulus  and  yield  strength  of 
aluminium  to  be  74.6  GPa  and  330  MPa,  respectively  [83]. 

The  metal-to-metal  contact  RF  switches,  such  as  shown  in  Fig.  24.19  typically 
use  Au  as  the  contact  metal,  due  to  its  low  electrical  resistance  and  high  oxidation 
resistance.  In  these  devices,  adhesive  forces  were  found  to  increase  logarithmically 
with  cold  contact  cycles  (cycling  with  no  current  passing  through  the  switch), 
consistent  with  creep  as  the  underlying  physical  mechanism  [34].  At  high  currents, 
no  adhesion  was  found  between  the  metal  components,  but  melting  led  to  extru- 
sions and  short  circuits  [36].  Both  of  these  results  are  consistent  with  separate 
modeling  investigations  [84,  85]. 
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216,  218,  837,  844-845,  847-849, 
852,  855,  911,  913-915,  919, 
920,  928 

array,  838 

axis,  247 

bending,  313-315 

deflection,  6,  8,  20,  47-49,  51,  54,  56, 
58,  65,  67,  71-73,  77,  78,  79-93, 
98,  197-199,  201-203,  244-246, 
21  A,  275 

deflection  calculation,  65-67 

effective  mass,  245,  310 

eigenfrequency,  241,  274,  275 

elasticity,  251 

flexible,  46,48,  51,66 

force-sensing,  111,  114 

free  oscillating,  347 

low-stiffness,  129-130 

material,  60,  71,  198 

microbeam,  552 

microfabricated,  113,  114,  116,  308, 
313-314 

motion,  46 

mount,  54—56 

2-factor,  275,  307,  316,  328,  330, 
338-339 

resonance  behavior,  78 

resonance  frequency,  958 

spring  constant,  364,  365-368,  370 

stainless  steel,  379-380,  386 

stiffness,  57-59,  71,  73-78,  84 

thermal  noise,  275 

thermomechanical  noise,  275 

thickness,  245,  246 

trajectory,  322 

triangular,  60-63,  77,  85 

untwisted,  53,  69 

V-shaped,  60,  62,  63,  247 
cantilever-based  probe,  274 
cantilever  beam 

array  (CBA),  912 

fabrication  procedure,  577-580 

lateral  bending,  564—565 

torsional  vibration,  18-21,  38,  39 
cantilever  stiffness,  135,  140-146,  159, 

163,  189 
cantilever-tip  assembly,  8,  17, 18-21,  37 
capacitance  detection,  49,  89-93 


capacitive 

detection,  98 

detector,  47 

displacement  sensor,  963-964 
capacitive-type  silicon,  836,  844 
capillary 

engine,  897 

force,  130, 138-145,  702,  708,  714-717, 
720-722,  735,  760 

pressure  gradient,  476 

wave,  901 

waves  of  water,  223 

wave  spectrum,  222 
capped  nanotube,  466 

tip,  466 
carbon,  347-398 

crystalline,  348 

magnetron  sputtered,  359 

unhydrogenated  coating,  364-365 
carbon-carbon  distance,  279 
carbon  nanofiber  (CNF),  112,  121 
carbon  nanotube  (CNT),  112,  118,  121-130, 
258,261,263,463,464,467, 
468,  503,  506-508,  835,  838, 
839-840,  858 

bending,  126-130 

structure,  121-122 

tip,  64,  65 
carboxylates  (RCOO-),  227-231 
carrier  gas,  364 
Casimir  force,  108 

Cassie-Baxter  regime,  900-901,  904-906,  908 
catalysis,  216 
cathodic  arc  carbon,  368,  369,  371,  372,  374, 

385,  394-395 
cation  attachment  scheme,  522 
CCD.  See  charge-coupled  device 
CDW.  See  charge  density  wave 
cell  death,  857,  893 

CE  mode.  See  constant  excitation  mode 
Ce02(lll),  221 
ceramic 

nanobeam, 545-552 

slider,  394 
chain  length  effect,  420,  421,  437,  441,  446, 

450,  454 
charge 

exchange  interaction,  108,  120-121 

regulation,  126 

transfer,  120-121 

transfer  interaction,  120-121 
charge-coupled  device  (CCD),  112,  123 
charge  density  wave  (CDW),  266-267, 
270, 271 
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charge  transfer,  223 
chemical 

binding  force,  333 

bond,  197,230,231 

bonding,  199,  211,  212,  213,  215 

bonding  force,  47-48 

characterization,  351,  358-366,  397 

degradation,  425^426,  448^55,  462, 
489-503 

force,  196,  197,  201,  206,  226,  232 

heterogeneity,  144 

interaction,  714 

interaction  force,  310,  311 

linker  method,  882-887,  928 
chemically 

active  ligand,  358 

bonded  PFPE,  870-871,  914-917 
chemical  mechanical  polishing  (CMP),  932 
chemical  vapor  deposition  (CVD),  112, 

121-125,  128,  350,  357-358,  370, 
755-756 
chemisorption,  461 
Chord  theorem,  136 
clay  nanoparticle,  554 
cleaning  process,  712 
clinging  force,  719 

of  a  gecko,  719 
cluster,  C60  molecule,  23,  24,  78 
C6Q  multilayered  film,  227 
CNF.  See  carbon  nanofiber 
CNT.  See  carbon  nanotube 
C=N  vibration,  520 
coagulation,  132, 133 
coated 

polymer  surface  adhesion,  891-892 

Si  ball-on-flat  test,  509,  514 

silicon,  861-867,  886,  903-904 

tip,  468 
coating,  467,  468,  473,  490,  492,  493,  495, 
507,  508,  509,  510,  511,  512,  513, 
514,515,516,517,525,526 

continuity,  395-396 

damage,  379,  382 

durability,  509,  526 

failure,  375,  387 

friction  and  wear  behavior,  448 

friction  coefficient,  470-47 1 

hardness,  347,  369,  381,  386 

mass  density,  360,  364 

microstructure,  359,  375 

substrate  interface,  367,  371,  381,  383 

thickness,  367,  373-375,  378,  380,  383, 
387-389,  392,  395 


Co  clusters,  261,  262 
coefficient  effective,  272 
coefficient  of  friction  (COF),  13,  23, 27, 28, 30, 
32, 35-37, 42, 51-54, 56-65, 85-91 , 
93, 148, 149, 155, 157, 159, 161, 
165, 169, 180, 183,  249,  270-272, 
282-283,  369,  379-386,  389,  390, 
392-394,  420^122,  424,  426,  427, 
430-434,  438^146,  448^153,  862, 
865,  873,  877,  878,  885,  888 
average,  10,  24,  32,  46,  47,  91 
influence  of  temperature,  482,  520 
lubricant,  510 
relationship,  67 
COF.  See  coefficient  of  friction 
coherence  length,  255,  256,  268,  289 
cold  welding,  121-122, 163 
collapsed  polymers,  208 
colloidal 
force,  108 
probe,  115,  116 
colossal-magneto  resistive  effect,  290 
comb  drive,  959-965,  972 
complex  bond,  372 
compression,  308 
compressive 

forces  nanotube,  506-507 
stress,  364-366,  367,  371,  377-379,  951, 
952,  963,  968,  969,  971 
computational  study,  tribological  process,  439 
computer  simulation,  127,  129,  133,  137,  141, 
152, 163, 169, 171-173, 178, 180, 
181,183,185 
force,  127, 129, 133, 137, 163 
friction,  172,  180,  185 
Concanavalin  A  (Con  A),  378 
concentration 

correlation,  227 
critical,  278 
confined  confinement,  108,  109,  147,  156, 

184-186 
confinement  of  fluids,  203-204,  224 
constant 

current  mode,  40-42 
force  mode,  51,  85,  100-101 
height  mode,  40,  42,  44,  51 
NVE,  448 
constant  amplitude  (CA)  mode,  202,  218, 

308,  336,  343 
constant  excitation  (CE)  mode,  308,  336 
contact 

adhesive,  120, 130, 141, 144, 148, 150, 
157, 161, 175 
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analysis,  723-724,  739-740 
apparent  macroscopic,  156 
area,  4, 16,  23,  47,  51,  52,  54,  57,  59,  61, 
114,115,117,136,139-142, 
148-152, 154-157, 159-164, 180, 
184, 187,  251,  257,  270-275, 
278,  280,  281,  284,  396,  408^15, 
419,  428 
conductance,  275 
elastic,  396,  399,  400,  402-403,  405,  406, 

408,  409,  417^120 
electrification,  120 
mechanics,  710,  739 
resistance,  396,  397,  423,  424,  494,  495, 

504-514,517,526,527 
resistance  image,  512,  513 
stiffness,  367,  375-379 
stiffness,  395,  396,  408^116,  429 
stress,  742 
contact  angle  (CA),  404^06,  408,  417, 

420^455,  462,  471,  505,  515,  516, 
520,  521,  708,  715,  716,  722, 
736-738,  754,  755,  760,  869,  876, 
877,  879,  888,  891,  897-903, 
905-910,  915-916,  918-919 
contact  angle  hysteresis  (CAH),  132, 143-144, 

897,  898,  901,  905-910 
contacting  surface,  704,  718,  724,  726-730, 

738,  742,  744,  746 
contact-start-stops  (CSS),  772,  775,  776 
contamination,  49,  67 
continuous  stiffness  measurement  (CSM), 

574-375,531,558 
continuum 
model,  256 
theory,  125, 130 
contrast,  253,  266-267,  270,  273,  274, 
276-282,  284,  289-292 
formation,  216,  217 
controlled 

bond  formation,  249 
desorption,  249 
geometry  (CG),  45^16 
control  system,  49-50,  54,  73,  94-104 
COonCu(llO),  248,  249 
Cooper  pairs,  268,  270,  271,  289 
copper 

surface  adhesion,  449 
surface  wear,  487 
tip,  259,  281,  473 
correlation  force 
colloidal,  126 
computer  simulation,  127 


depletion,  134 

double-layer,  124,  126,  127 

double-layer  (geometry  dependence),  126 

dry  surface,  161 

electromagnetic,  117, 118 

electrostatic,  124-127 

entropic,  108,  137 

hydration,  108, 117, 128, 130-134, 137, 
155, 161, 166 

hydrodynamic,  108,  165 

hydrophobic,  130-134 

ion  correlation,  124-127 

law,  107, 109-111,113, 119, 126, 128, 129, 
131, 132, 143 

measuring  technique,  116-117 

modulation  mode,  17,  18,  22,  81 

nonequilibrium,  108,  109 

oscillatory,  108, 128-133, 137, 142, 143, 
170,183 

osmotic,  108,  135 

peristaltic,  137 

protrusion,  108,  137 

repulsive,  107-109, 116-117, 123, 127, 
130, 131, 133, 137, 140-141, 155 

sensor,  914,  915 

short-range,  108, 109, 126-128, 130, 133, 
155, 161, 169 

solvation,  127-130 

steric,  116-117, 123, 137 

structural,  127-130 

surface,  127 

thermal  fluctuation,  108, 137 

undulation,  106,  108 

van  der  Waals,  108-110, 112, 117-119, 
122-123, 126-134, 137, 150, 151, 
153, 156 

van  der  Waals  (geometry  dependence),  112 
correlation,  in-plane,  236 
Couette  flow,  146, 166,  184 
Coulomb 

force,  215 

interaction  potential,  443 

law  of  friction,  265 
covalent 

attachment,  358,  361,362 

bonding,  modeling  of  material,  442 
C-O  vibration,  520 

crack,  367,  371-375,  377-380,  382-383,  387, 
391-392 

lateral,  7S-79 

median,  78-79 

width,  73-75 
cracking  of  the  coating,  15,  72-75 
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crater  formation,  surface,  452 
Cr  coating,  272 

creep,  240,  242,  397,  529,  531,  556,  558-559, 
566,  576,  579 

on  a  nanoscale,  81,  82,  99 
critical 

concentration,  278 

degree  of  bending,  961 

load,  58,  62,  64,  66,  95,  99,  369,  370,  375, 
379-383,  385-387 

normal  load,  875,  878,  879 

pitch,  906 

position,  252 

radius  of  impalement,  906 

shear  stress,  147-149, 152, 157 

temperature,  254-255,  270,  276,  289 

velocity,  173, 180,181,183 
cross-linked  BPT  (BPTC),  90,  91,93, 423, 424, 

426-431,433,435 
cross-linker,  359-362,  364-365,  381 
cross-linking,  92,  94-95 
crosstalk,  50,  102 
cryostat,  242-246 
crystalline 

carbon,  348 

growth,  336 

surface,  108, 109, 133, 149, 163, 172, 178, 
179,185 
crystal  structure,  49,  95 
CSM.  See  continuous  stiffness  measurement 
CSS.  See  contact-start-stops 
Cu(100),  258-259,  277,  281-283 
Cu(lll),  248,  251,  256,  258-259,  264,  265, 
285 

surface  state,  255,  256,  262 

tip,  281 
cube  corner,  406,  413,  421 
cuprates,  272 
current  density  effect,  972 
cut-off  distance,  119 
CVD.  See  chemical  vapor  deposition 
cyclic 

fatigue,  374-375,  963,  964,  971 

D 

damage,  121, 122, 145, 146, 155, 157,  159, 
162,163,164,176 

mechanism,  381,  387,  391,  392 
damped  harmonic  oscillator,  314,  316 
damping,  198,  202,  218 

constant,  338,  345,  347 

mechanism,  346 

pneumatic,  246 


DC-PECVD.  See  direct-current  plasma- 
enhanced  CVD 
Deborah  number,  169 
debris,  380-383,  387,  390,  391,  394 
Debye 

frequency,  446 

interaction,  118 

length,  124, 126, 127, 131 
decylphosphonate  (DP),  423,  437,  439^42, 

444^48,  876,  879,  880 
defect 

motion,  242 

nucleation,  M1-W9 

production,  278 
deflection 

measurement,  198 

noise,  275 
deformation,  113, 114, 116, 122, 139, 140, 146, 
164-166 

elastic,  140, 165,  246,  251,  270,  271 

plastic,  109, 122, 140, 146, 164 
degradation,  462,  489-503,  526 
degradation  of  PFPE  film 

mechanical  scission,  499 
Deionized  (DI),  882-885 
delamination,  69,  74,  366,  367,  371,  373, 
376-380,  383,  387,  391-392, 
396-397,  421^22 
delivery  particle,  856,  893 
demnum-type  PFPE  lubricant,  472 
density  of  fiber,  738,  743 
dental  enamel,  431,  432 
dependence 

indentation,  457 

MD  simulation,  457,  474,  475,  479 
depletion 

attraction,  135 

force,  108, 129 

interaction,  135 

stabilization,  135 
deposition 

rate,  354-356,  366 

technique,  353-354,  365,  366 

techniques,  350-359,  366-367,  370, 
382, 390 
deposition  (PECVD),  846,  866,  881 

etching,  931 
depth-sensing  indentation,  76,  81 
Derjaguin  approximation,  111,  127, 130 
Derjaguin-Muller-Toporov  (DMT) 

adhesion  force,  735,  737 

model,  271,  275,  393,405 

theory,  139,  724,  735,  739 
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design  rule,  75 
destabilizing  factor,  901 
detachment,  709,  711,  759 
detection  system,  49,  73,  75,  79-93,  99 
dewetting,  472,  507,  509,  872,  873,  897,  918 
DFM.  See  dynamic  force  microscopy 
DFS.  See  dynamic  force  spectroscopy 
DI.  See  Deionized 
diagnostics,  839,  881-896,  928-929 
diamond,  349-351,  358-367,  369,  374,  379, 
380,  386,  390,  393,  395,  397,  397, 
409^110,  413,  422-424 
coating,  350,  359,  361,  363-366,  396 
film,  350,  362-364 
friction,  478,  479,  482,  486,  498 
nanoindentation,  459,  461,  468,  470 
tip,  6, 11, 13, 15,  62,  67,  69,  76,  77,  259, 
280,  374,  379,  380,  386,  390,  468, 
487,  488,  492,  512,  515,  861,  865, 
866 
diamond-like  carbon  (DLC),  44,  45,  47-50, 
56-58,  66,  69,  70,  72-74,  81, 
327-331,  406,  849,  850,  864,  869, 
881,  914-918,  928 
coating,  347,  350,  351,  353,  356,  358,  360, 
362,  363,  365-367,  369,  371, 
374-376,  379,  381,  384-394, 
396-397,  470,  471 
coating  microstructure,  359 
matrix,  406 
diblock  copolymer,  319 
dicationic  ionic  liquid  film 

nanotribological  study,  504,  515-51 7 
dielectric  breakdown,  397 
dielectric  constant,  119,  123 
diffusion,  240,  242,  248-251 
parameter,  250,  25 1 
retardation,  234 
rotational,  203-204,  229 
thermally  activated,  242 
diffusion  coefficient,  translational,  226-227 
digital 

feedback,  42,  49-50,  100 
micromirror  device  (DMD),  407,  423, 

835-837,  846,  847,  859,  923-929 
signal  processor  (DSP),  42,  51 
digital  mirror  device  (DMD)  pixel,  846,  923, 

924 
dilation,  152,  173 
dimension,  197,  203,  230 
dimensionless  particle  position,  894,  895 
dimer-adatom-stacking  (DAS)  fault,  207 
dimer  structure,  210-212 


dip  coated  tip,  891,  892 

dip  coating,  463 

direct-current  plasma-enhanced  CVD 

(DC-PECVD),  112,  121,  126 
directed  self-assembly,  755 
DI  silicon  nitride,  10,  63 
disjoining  pressure,  466,  467,  474,  476 
dislocation 

line  tension,  420 

motion,  147,  174 

nanoindentation,  453^155 

nucleation,  396,  407,  418,  424 

stick-slip,  481 
dispersion 

force,  231 

interaction,  118,  119,  122 
displacement  sensor,  914,  915 
dissipation,  315,  324,  327,  337,  343-348 

image,  348 

measurement,  243,  284,  285 
dissipative  interaction,  336,  337,  343 
dissociation  constant,  366 
distance,  cut-off,  119 
distortion,  50,  96-98,  102-103 
division  of  contact,  707,  709,  758,  759 
DLC.  See  diamond-like  carbon 
DMT.  See  Derjaguin-Muller-Toporov 
DNA,  227,  228 

AFM  image,  342 
D20,  258 

domain  pattern,  288-289 
DOS  structure,  254 
double-layer 

force,  108, 127,  130 

interaction,  124-126 
doubly  clamped  beam,  951,953,  954,  957-958, 

960,  972 
DP.  See  decylphosphonate 
drag,  533-689 
drift  state,  266 
driving  frequency,  79 
droplet  evaporation,  905,  906 
drug 

delivery,  528 

delivery  device,  839-840,  856-857,  893 
dry 

sliding  friction,  473,  482,  483 

superadhesive,  701,  758 
dry  surface,  120,  156-163 

force,  120 

friction,  120,  156-163 
DTSSP.  See  3,3'-dithio-bis 

(sulfosuccinimidylproprionate) 
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Dupre  equation,  144 

durability,  461,  486,  487,  489,  496,  499,  500, 
502-504,  508,  509,  512,  515-517, 
526,  527 
dynamic 

AFM,  199-201 

AFM  mode,  313,  315,  317-337,  344,  347 
interaction,  108 

light  scattering  (DLS),  233-234 
mode,  46-47 
operation  mode,  199-200 
dynamic  AFM.  See  dynamic  atomic  force 

microscope 
dynamical  response,  232-233,  236-237 
dynamic  atomic  force  microscope  (dynamic 

AFM),  308,  3 1 1-337,  342-349 
dynamic  force  microscopy  (DFM),  275,  310, 

331,348,380 
dynamic  force  spectroscopy  (DFS),  367-368, 
370,  372,  373,  375 

E 

EAM.  See  embedded  atom  method 

EBD.  See  electron  beam  deposition 

e-beam  lithography,  930-931 

EBID.  See  electron-beam-induced  deposition 

EBL.  See  electron-beam  lithography 

ECR-CVD.  See  electron  cyclotron  resonance 

chemical  vapor  deposition 
edge  channel,  286-287 
EELS.  See  electron  resonance  loss 

spectroscopy 
effective 

coefficient  of  friction,  271-272 

damping  constant,  338,  347 

mass,  241,  255,  257,  275 

resonant  frequency,  323 

shear  stress,  274 

spring  constant,  251,  253,  267,  275 

viscosity,  165,  166, 168, 170, 184 
effect  of 

cycling,  494 

meniscus,  471,  475 

viscosity,  475 
EFM.  See  electrostatic  force  microscopy 
EHD  or  EHL.  See  Elastohydrodynamic 

lubrication 
elastic 

contact,  396,  399,  400,  402^103,  405,  406, 
408,  409,  417^120 

deformation,  246,  251,  270,  271 

force,  724,  726,  727,  740,  743-745 

limit,  58,  59,  73,  75 


modulus,  139, 140, 347, 364, 367-371,374, 
378,  379,  383,  396,  397,  398^100, 
407^112,  420,  425,  427^129,  529, 
530,  533-535,  538-542,  544,  546, 
547,  552,  556-562,  564,  576,  579, 
709,  723,  724,  739,  742-746,  748 
tip-surface  interaction,  461 
elasticity,  275 
elastohydrodynamic  lubrication 

(EHD  or  EHL),  146,  147,  165, 
168-170 
electrical  resistance,  487,  494,  509-515 
electric  force  gradient,  58 
electrochemical 
AFM,  58-59 
device,  408 
STM,  44 
electrokinetic  flow,  853 
electromagnetic  force,  117 
electromagnetic  trap,  363 
electron 

cyclotron  resonance  chemical  vapor 
deposition  (ECR-CVD),  347, 
352-357,  368-370,  375,  376,  382, 

384,  385,  387-391,  395-396,  398 
energy  loss  spectroscopy  (EELS),  347, 356, 

359-363,  366,  397 
interaction,  265 
tunneling,  39,  49 
electron  beam  deposition  (EBD),  112,  120-122 
electron-beam-induced  deposition  (EBID), 

112,  126,  127 
electron-beam  lithography  (EBL),  129 
electron  cyclotron  resonance  chemical  vapor 

deposition  (ECR-CVD),  347, 

352-357,  368-370,  376,  382,  384, 

385,  398,  881 

coating,  375,  387-388,  390,  391,  395-396 
electronegativity,  409^10 
electron-electron  interaction,  255,  267 
electronic  noise,  50,  103 
electron-phonon  interaction,  266,  268 
electron  resonance  loss  spectroscopy  (EELS), 

347,  356,  359-363,  366,  397 
electrostatic 

actuation,  844,  913 

force,  109, 117, 124-128, 130, 166,  197, 
276,  282,  286 

force  interaction,  210 

force  microscopy  (EFM),  240,  286 

interaction,  120,  123,  124,  126,  134,  217 

potential,  265,  286,  287 
electrostatic  double  layer  (EDL),  894 
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electrostatic  force  microscopy  (EFM),  240,  286 
embedded  atom  method  (EAM),  443,  448,  450, 

453,455,457,474,481,489 
embedding  energy,  443 
end  deflection,  952 
endurance  limit,  75,  76 
energy 

dissipation,  143-144, 152, 154, 171, 174, 
261,284-287 

landscape,  357,  366,  369,  372-378 

MD  simulation,  441,  452 

resolution,  253-255 
energy  dissipation,  202,  218 
energy  (tension)  stress,  383 
entangled  state,  147, 184 
entropic  force,  137 

environmental  study,  423,  425^126,  448^453 
epicuticular  wax  tubule,  896-897 
equilibrium 

binding  enthalpy,  368 

true  (full)  or  restricted,  135, 136 
etched  STM  tip,  131-132 
Euler 

buckling,  741 

buckling  criterion,  951 

equation,  75 
evolutionary  superadhesive,  709 
exchange 

carrier  plate,  251 

force  interaction,  224 

force  microscopy,  226 

interaction,  223,  224,  226 
external 

noise,  242,  247 

vibrations,  39,  43 
Eyring  model,  266-267 

F 

fabricated 

pillar  array,  751 

silicon,  844,  893,  914,  931 
face-centered  cubic  (fee),  348,  349 
failure  mechanism,  389-390,  394 
Fano  resonance,  261 
fast-on/fast-off  kinetics,  374 
fatigue,  347,  367,  369,  370,  374-379, 391,  397 

crack,  379,  391 

damage,  375-378 

failure,  971 

life,  347,  367,  369,  370,  375,  378,  379, 
397,  971 

measurement,  963-964 

resistance,  955,  963 

strength,  529,  536-538,  549,  576 

test,  374,  375,  378,  927-928 


FBS.  See  fetal  bovine  serum 
FCA.  See  filtered  cathodic  arc 
fee.  See  face-centered  cubic 
Fe-coated  tip,  224-226 
feedback 

circuit,  47,  50,  51,  67,  82,  98,  100 

loop,  42^13,  50,  53,  84,  85,  100,  101, 
103,  244,  248,  249 

network,  40 

signal,  200,  202 
FEM.  See  finite  element  modeling 
Fermi 

level,  253,  261,  267,  286 

point,  266 
ferromagnetic  probe,  288 
FET.  See  Field  effect  transistor 
fetal  bovine  serum  (FBS),  891,  892 
FFM.  See  friction  force  microscopy 
FIB.  See  focused  ion  beam 
fiber 

axial  stress,  742 

buckling  condition,  737-738 

elastic  modulus,  742,  745,  746 

fracture,  742,  745 

material,  738,  744-746 

model,  738-739,  749 

morphology,  704 

optical  interferometer,  82-83 

stiffness,  739 
fiber-optic  sensor,  914,  915 
FIB -milled  probe,  64 
fibrillar 

adhesive,  737,  749,  758-759,  761 

surface  construction,  758 
fibrillar  structure,  701,  737-749,  758-759, 
761 

compliant,  750 
field  effect  transistor  (FET),  854 
field  ion  microscope  (FIM),  312,  334 
filling  angle,  716,  735 
film 

C60,  504 

nanoindentation  thickness,  463,  470 

on  substrate,  947 

substrate  interface,  968,  969 

surface  interface  viscosity,  491 
film  ionic  liquid,  503-506 
filtered  cathodic  arc  (FCA),  347,  353-356, 
358,  370,  377,  379-385,  397,  398, 
881,914 

coating,  368,  371,  375,  376, 
379-381,  383,  387-388,  391,  392, 
395-396 

deposition,  353,  368 


992 


Index 


finite  element  method  (FEM),  529,  535-536, 

548,  552-554,  577 
finite  element  modeling  (FEM),  411,  426 
first  principle 

calculation,  215,  222-226 

MD  simulation,  441,  475 

simulation,  276 
flat  punch,  404,  408,  409 
flexible  cantilever,  46,  48,  51,  66 
flexible  crosslinker 

property,  364-365 

spring  constant,  364-365 
flocculation,  126,  131 
Flory 

radius,  134 

temperature,  134 
flow 

nanoliters,  851 

rate,  207-209,  2 11,  21 3 
fluctuation  interaction,  118 
fluid 

low  viscosity,  206-208,  212,  230 

mechanics,  207,  214 

multicomponent,  207,  214 

Newtonian,  206,  211-214 
fluorescence 

correlation  spectroscopy  (FCS),  226-231 

fluctuation,  226,  232,  235 

recovery  after  photobleaching  (FRAP),  226 

spectroscopy,  225 
fluoride,  216-223 
fluorophore,  225-230 
FM-AFM,  202-207 
focused  ion  beam  (FIB),  45^16,  64,  1 12, 

119-120,  124,  126-128,  401,  428 
force 

adhesion,  109-113, 119-110, 129, 

138-140, 142, 143, 150-156, 170, 
186 

adhesion,  quantized,  109-113,  119-110, 
129, 138-140, 142, 143, 150-156, 
170,186 

attractive,  108-110,  124,  127, 
132-134, 153 

calibration,  245-249 

calibration  mode,  10-12,  23,  77 

cantilever-based,  275 

capillary,  109 

Casimir,  108 

charge  fluctuation,  118, 127 

chemical  force,  277,  282,  284 

detection,  73,  75,  98 

electrostatic  force,  276,  282,  286 


gradient,  309-313,  318,  320,  329,  330, 
332,  337 

long-range,  282 

between  macroscopic  bodies,  112, 117, 125 

measurement,  198 

microscopy,  355-382 

modulation,  429,  431 

resolution,  274-276,  282,  363,  365 

sensing  tip,  49,  93 

sensor,  51-52,  93,  202,  243,  249,  250,  280 

spectroscopy  (FS),  101 

between  surfaces  in  liquid,  122-137 

between  surfaces  in  vacumm,  108 

van  der  Waals  force,  277,  279,  284 
force  calibration  plot  (FCP),  469,  470, 

471,482 
force-clamp  AFM,  374 
force-distance 

curve,  11-12,  26,  56,  57,  101,  728,  730 

profile,  364,  366-367 
force-driven  dissociation,  370 
force  field  spectroscopy,  3-D,  283-285 
force-free  dissociation,  371 
force-probe  experiment,  363,  368 
force  spectroscopy  (FS),  276,  279,  282,  283, 
328,  335,  357,  365-380,  382 

3D-FFS,  283-284 

site  specific,  283 
force-time  behavior,  357 
formate  (HCOO-),  227 
formate-covered  surface,  228 
four-fingered  platform  structure,  757 
Fourier-transform  infrared  spectroscopy 

(FTIR),  505,  520-521,  523,  527 
Fourier-transform  infrared  time-resolved 
spectroscopy  (FTIR-TRS),  224 
four-quadrant  photodetector,  245 
fracture,  396-397,  407,  421^122,  427,  745 

condition,  737-738,  740,  742-745 

failure,  553 

strength,  953-955,  960-963,  970-971,  973 

stress,  529,  533-536,  576 

surface,  549-551,  553,  563,  576 

toughness,  347,  367,  369-374,  379, 
381-383,  386,  392,  397, 
529-531,  535-536,  540-542, 
547-549,  552,  576 

toughness  measurement,  953-955,  960-693 
Frank-Read  source,  418 
free  surface  energy,  472,  481 
freezing-melting  transition,  176,  181 
Frenkel-Kontorova-Tomlinson  (FKT)  model, 
254-255 
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frequency 

measurement  precision,  93 
modulation  SFM  (FM-SFM),  241 
frequency  modulation  (FM),  47,  198-200, 

202-203,  206-207,  308,  329-330, 
334,  336,  338-339,  343,  344,  347 
AFM  image,  277-281,  283,  286 
friction,  3-5, 10, 13,  22,  37-38,  48,  49,  53-54, 
58,  59,  62,  63, 65,  76, 82,  84, 85,  86, 
87,  89-91,  94,  98-100,  101,  102, 

204,  230-236,  243,  248,  252-263, 
275,  276,  279-283,  287,  348-351, 
353,  367,  369,  379-387,  389-394, 
396,  397,  403,  405,  406,  408,  416, 
420^t22,  424^34,  438^46, 
448-455,  840,  853,  861,  862, 
864-867,  871,  873,  876,  878,  886, 
897,  910,  914,  918-923 

adhesional  component,  59-60 
anisotropy,  261,  262 
of  biomolecule,  854,  881-891,  928 
coefficient,  146, 147, 155-157, 159, 162, 

164, 169, 180, 184 
coefficient,  445^146,  470-471,  475,  476, 

479,  481^182,  489^190,  498,  499, 

502,503,507-510 
dominant,  366 
electrification,  120-121 
experiments  on  atomic  scale,  243, 255-263, 

287 
image,  259,  261 
kinetic,  150,  152, 155, 161, 163, 169, 

171-173, 177, 180, 181, 183, 184, 

205,  234-235 
load  dependence,  62 

loop,  248, 252, 253, 255-256, 263, 275, 276 

lubrication,  440,  444 

map,  167-168,  254-258 

measurement,  10, 13,  21,  23,  27, 32,  33,  37, 
39,  42,  56,  57,  58,  62,  64,  65,  91, 
95-96,  98,  226,  232,  236,  964-966 

measurement  method,  65-71 

measuring  technique,  172 

melting,  172 

metal  surface,  475 

mode,  8,  22,  37,  39-41 

molecular  dynamics  (MD)  simulation, 
243,  279-283,  287 

plane,  115 

profile,  542-545,  560 

rolling,  120,  144 

scale  dependence,  56-63 


self-assembled  monolayer  (SAM),  464, 
466,  497,  498,  500,  502 

sliding,  114, 120-121, 146 

surface,  491 

test,  420,  424,  451,452 

thinning,  165, 168, 170, 177 

wave  transducer,  42,  98 
frictional  property,  fullerene,  505 
friction  and  adhesion 

influence,  472,  479,  480,  482,  500,  518, 
519,  520,  525-526 

relative  humidity,  468,  470,  480,  481,  482, 
483,  484,  485,  490,  518,  519,  526 

temperature  effect,  468,  480^83,  528-520 

velocity  effect,  477^479 
friction  and  wear,  833,  840, 854,  858,  859-862, 
864,  865,  869,  881-891,  914-919, 
928 

nanoscale,  526 
friction  force,  21,23-27, 31-36,  37, 40-49, 49, 
52, 53,  53-54, 58, 59,  65-73, 84-92, 
94-96,  101,  102,  135-138, 
159-163,  165-168,  174,  243-253, 
257,259,261,262,266,267, 
269-276,  282-284,  287,  368, 
379,386,387,405,420,421, 
424^26,  430^33,  438^46,  440, 
447,  453,  454,  466,  469,  469,  470, 
472,  473,  474,  475,  476,  476^83, 
480,  485^88,  489,  490,  493, 
496,  497,  500,  508, 509,  510,  512, 
515,  519,  520,  522,  525,  526, 
871-879,  885,  897,  910,  914, 
916,  918-923 

calibration,  54,  70-73 

curve,  101,  102 

magnitude,  53,  69 

map,  273 

measurement,  6-11,  32,  33,  37,  38,  43,  44 

microscopy  (FFM),  4,  5,  37-38,  52-55, 

69-73, 115-116, 151, 155, 243-253, 
257,259,261,262,266,267, 
269-276,  282-284,  287,  296,  420, 
861,866,868,920,929 

profile,  10,  23,  24,  26,  35,  36,  41 

of  Si(100),  865,  872-874,  917-918 
friction  force  influence  of  temperature, 

482, 520 
friction  force  microscopy  (FFM),  243-253, 
257,  259,  261-263,  266,  267, 
269-276,  281-284,  287,  440,  476, 
482,  494,  498,  504,  505 
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on  atomic  scale,  244,  251,  267,  275 

dynamic  mode,  281,  284 

signal,  7, 10, 13,  42 

tip,  248,  252,  253,  257,  259,  261-263, 
271-275,  282,  283 
friction  model 

cobblestone  model,  148-149, 151, 153, 155 

Coulomb  model,  149 

creep  model,  177 

distance-dependent  model,  1 77 

interlocking  asperity  model,  149 

phase  transitions  model,  178-181 

rate-and  state-dependent,  180-181 

rough  surfaces  model,  176-177 

surface  topology  model,  176-177 

velocity-dependent  model,  177-178 
friction-torque  model,  919,  920 
fringe  detector,  955,  956 
fruit  fly,  end  of  the  leg,  704 
FS.  See  force  spectroscopy 
FTIR-TRS.  See  Fourier-transform  infrared 

time-resolved  spectroscopy 
fullerene,  348,  349 

film,  78 

frictional  property,  505 
fundamental  resonant  frequency,  78 
fused  silica,  400,  411^13,  420 

G 

GaAs/AlGaAs 

heterostructure,  286 
gain  control  circuit,  202 
GaP(llO),  278 
gap  stability,  41 
gauge  marker,  956 
Gaussian  surface,  61 
GdonNb(llO),  268 
gecko 

attachment  system,  702,  705,  707,  717 

dry  adhesion,  704 

toe,  702,  705,  707,  708,  711 
gecko  adhesion,  714,  716-717,  720,  735,  737, 
750 

macroscale,  750,  756 
gecko  foot,  712,  718,  756,  760 

adhesion  mechanism,  713-714,  717 

setal  array,  708,  711 

surface  characteristics,  705,  706 
gecko  seta 

adhesion  coefficient,  732,  733,  737,  749 

adhesive  force,  710,  718-720,  722 

maximum  adhesion  coefficient,  728,  737 

spatula,  705,  707,  713,  715,  717,  723,  725, 
749,  759,  760 


three-level  model,  725-726,  728,  730-733 
gecko  skin 

fabrication,  749-759 

Young's  modulus,  706,  708-709 
gecko  spatula 

contact  with  a  hydrophilic  surface,  720 
geometrically  necessary  dislocations  (GND), 

295,297,299-301,335 
geometry  effects  in  nanocontacts,  269-275 
germanium,  422 
g-factor,  255,  257,  259 
giant  MR  (GMR),  773,  776,  808 
glass 

glassiness,  184 

transition  temperature,  134,  161-162 
GMR.  See  giant  MR 

GND.  See  geometrically  necessary  dislocations 
gold,  43,  44,  56,  61,  63 
Grahame  equation,  124,  125 
grain 

boundary,  121-122, 186,  968-969 

nanoindentation  boundary,  454 

size,  350 
graphite,  242,  245-246,  255-257,  258,  261, 
262,  266,  269,  271,  275,  279-281, 
280,  286,  347-350,  357-362,  364, 
365,  369,  370,  393,  397 

(0001),  263,  279-281 

cathode,  353-354 

flake,  476,  506 

sheet,  506 
green  chemistry,  503 
Griffith  fracture  theory,  553 
group  A-specific  lectin,  379 

H 

hairy  attachment  system,  701-762 

Hall-Petch  behavior,  429-430 

Hall  resistance,  287 

Hamaker  constant,  55,  56,  118,  119,  122,  123, 
128, 132, 153,  197,  334,  476,  713, 
714,  735,  894 
gecko  seta,  715,  724 

Hamilton-Jacobi  Method,  204 

hard  amorphous  carbon  coating,  347-398 

hard  coating,  866-867,  881 

hardness,  12, 15, 16,  28,  53,  57-59,  62,  63,  66, 
76,  78-81,  99, 100,  347,  349-353, 
356,  358,  359,  363,  365-371,  379, 
381,383,386,388,391,392, 
397,  529-531,  540-542,  544, 
553,  556-562,  576,  579,  860, 
861,  863-868,  879,  881,  891, 
924-925,  949 
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scale  effect,  57,  62 
HARMEMS.  See  high-aspect-ratio  MEMS 
harmonic  oscillator,  309,  314-317 
harpooning 

interaction,  108 
HDT.  See  hexadecane  thiol 
heavy-ion  bombardment,  290 
height  profile  BMIM-PF6  coating,  510, 

512-514 
hemodynamic  resistance,  895 
Hertzian  contact  model,  402,  405,  417 
Hertz  model,  403,  405,  417 
Hertz-plus-offset  relation,  271 
Hertz  theory,  138-141,  154,  162 
heterodyne  interferometer,  80-82,  84 
hexadecane  thiol  (HDT),  57,  90,  91,  93, 

423^424,  914-918,  929 
hexagonally  packed  intermediate  (HPI),  320 
hexa-tert-butyl-decacyclene  (HtBDC)  on  Cu 

(110),  250 
hierarchical  spring  analysis 

multilevel,  724-728 
hierarchical  spring  model,  723,  725,  727-735 
hierarchical  structure,  833,  860,  901-910 

characterization,  901-908 

fabricated,  756-759 
hierarchical  surface 

ideal,  906-907 
high-aspect-ratio  MEMS  (HARMEMS),  836, 

933 
higher  orbital  tip  state,  254 
highly  oriented  pyrolytic  graphite,  57 
highly  oriented  pyrolytic  graphite  (HOPG),  23, 
25-28,  56,  58,  98,  279-280, 
328-331 
high-pressure  phase 

silicon,  459 
high-resolution 

FM-AFM,  279 

imaging,  231 

spectroscopy,  253-255 
high-speed  data  collection,  43,  44 
high-temperature 

MEMS/NEMS,  928 

operation  STM,  243,  247 

superconductivity  (HTCS),  270 
high-temperaturesuperconductivity  (HTCS), 

247,  270-272 
Hill  coefficient,  375 
hinged  cantilever,  965 
H20  (water),  258 

homodyne  interferometer,  79-80,  84 
honeycomb-chained  trimer  (HCT),  212-214 


Hooke's  law,  274 

HOPG.  See  highly  oriented  pyrolytic  graphite 

horizontal  coupling,  42 

horizontally  arranged  nanotube,  506-508 

HPI.  See  hexagonally  packed  intermediate 

HTCS.  See  high-temperaturesuperconductivity 

H-terminated  diamond,  479 

Huber-Mises,  404 

human  genome  project,  839-840 

human  umbilical  venous  endothelial  cell 

(HUVEC),  378 
humidity,  268 
HUVEC.  See  human  umbilical  venous 

endothelial  cell 
hybrid 

continuum-atomistic  thermostat,  447 

nanotube  tip,  125 
hybridization,  215 
hydration 

force,  108, 117, 128, 130-134, 137, 155, 
161, 166 

regulation,  131 
hydrocarbon,  410^14,  418,  421^22,  441, 
443,450,451,454 

precursor,  357 
hydrodynamic 

damping,  342 

force,  108, 117, 165,  204-214,  217 

radius,  134 

stress,  210 
hydrogen,  210-212,  230 

bonding,  108, 130, 132-134 

bond  network,  215,  216 

concentration,  359,  363-366 

content,  353,  359,  365,  366,  371 

flow  rate,  365 
hydrogenated 

carbon,  356-358,  360,  364-365 

coating,  359-359 
hydrogen-terminated  diamond,  460,  462,  463, 
466,471,479,480,481,485,486, 
498,506,510 
hydrogen  termination,  210 
hydrophilic,  207,  209,  215,  218-223 

SAM,  468,  498,  499 

surface,  109, 130-132, 139,  876,  899-902, 
908 
hydrophilicity,  715,  720-722,  736,  737,  760 
hydrophobic,  204,  209,  212,  215-223 

attraction,  212,  216,  218,  221 

force,  130 

interaction,  132,  iiiself-assembled 

monolayer  (SAM),  468,  498,  499 
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surface,  109, 132-134, 138, 139, 
157, 158, 160,  207,  209,  215-223, 
860,  874,  876,  897-910,  917-919, 
928-929 
hydrophobicity,  403-408,  414^18,  422,  428, 
437,  441,  443,  453,  455,  462,  470, 
485,  715,  720-722,  736,  737,  755, 
760,  833,  854,  856,  860,  869,  877, 
879,  897-910,  915-919,  921-923, 
929 
hysteresis,  58,  70,  96,  201,  240,  242-243, 
247,  272-273,  288, 289 

adhesion,  143-145, 152, 157, 160, 161, 
163, 174, 175, 186 

contact  angle,  144 

loop,  50,  102 

I 

IB.  See  ion  beam 

IBD.  See  ion  beam  deposition 

IL  structure,  522-525 

image 

effects,  429^131 

processing  software,  103 

topography,  48,  230 
imaging 

atomic-scale,  4,  6,  23-27,  45-48,  98 

bandwidth,  59 

electronic  wave  function,  247,  263-266 
imidazolium,  503-505,  515,  520,  522 
immunoisolation,  408 
InAs,  245-246,  255,  257,  265-266 
InAs(llO),  255,  257,  265,  266,  277-278 
indentation,  3-6, 15, 16,  76-83,  98,  99, 100, 
141 

creep,  531,558-559 

depth,  16,  76,  78-82, 99, 367, 368, 371,373 

fatigue  damage,  376,  377 

hardness,  12, 15, 16,  38,  78-80,  99 

induced  compression,  377 

rate,  452,  458 

size  effect  (ISE),  419^120,  427 
inelastic  regime,  529 
inelastic  tunneling,  247,  249,  251,  258-259, 

261 
initial  contact,  418,  419 
InP(llO),  207 

in-plane  stresses  nanoindentation,  452,  455 
in  situ  sharpening  of  the  tips,  41 
instability,  201,  205 
integrated  tip,  62,  86 
intensity-intensity  autocorrelation, 
232-233,  235 


interaction 

charge  exchange,  108,  118,  120-121 

charge  transfer,  120-121 

Debye,  118 

depletion,  135-136 

Derjaguin-Landau-Verwey-Overbeek 
(DLVO),  116-117, 127, 128 

dispersion,  118,  119,  122 

double-layer,  124-126 

double-layer  (geometry  dependence),  124 

dynamic,  108 

electrostatic,  120, 123, 124, 126, 134 

energy,  112,  118-120,  124-127,  129,  132, 
712,  713 

energy  gradient,  366 

fluctuation,  118,  127 

harpooning,  108 

hydrophobic,  204,  215-223 

hydrophobic,  132,  133 

induction,  118 

Keesom,  117-118 

London  dispersion,  118, 119 

nonequilibrium,  143-145 

orientational,  117-118 

osmotic,  135 

polymer,  134, 136 

rate-dependent,  143-145 

static,  109 

van  der  Waals,  107, 112, 118, 119, 123, 129 

van  der  Waals  (geometry  dependence),  109 
interaction  force,  275,  276,  308,  309-312,  318, 
320-322,  324-328,  342,  360, 
362-364,  366,  368,  369,  375,  376 

cantilever  deflection,  364 
interatomic 

attractive  force,  67 

force,  48,  308,  317 

force  constant,  199 

interaction,  969 

spring  constant,  48 
interdiffusion,  118,  144,  152 
interdigitation,  144,  152 
interfacial 

defect,  377,  378 

force,  203-237 

friction,  148, 150-156, 162, 164, 169, 172 

stress,  375,  383,  391-392 
interferometeric  detection  sensitivity,  83 
interleave  scanning,  17,  18 
intermediate  or  mixed  lubrication,  123, 129, 

139, 146, 147, 167-170 
intermittent  contact  mode,  8 
internal  stress,  950 
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intraband  transition,  255 
intramolecular  hydrogen  bonding,  522 
intrinsic 

damping,  345,  346 

stress,  365 
iodine,  248,  249 
iodobenzene,  248,  249 
ion 

condensation,  126 

correlation  force,  124-127 

implantation,  861-864,  866 

plating  technique,  352-353 

source,  354-356 
ion  beam  (IB) 

coating,  347,  352,  356,  369,  375,  387,  388, 
390,  391,  394-396,  398 

sputtered  carbon,  356 
ion  beam  deposition  (IBD),  351-353,  355,  356 
ionic  bond,  108,  132 
ionic  liquid  (IL) 

dicationic,  504,  505,  515-525,  527 

film,  462,  503-525,  527 

lubrication  property,  504,  505 

physical  property,  504,  505 

thermal  property,  504,  505 

tribological  property,  462,  504,  525 
isospectral  structure,  263 
itinerant  nanotube  level,  261 


jellium  approximation,  443 
Johnson-Kendall-Roberts  (JKR),  707, 
739-740,  742 

model,  393,  405 

relation,  271,272 

theory,  138-140, 157,  707,  739-740,  742 
Joule 

dissipation,  284-286 

heating,  289 
jump  into  contact,  895 

jump-to-contact  (JC),  199,  201,  276,  281,  282, 
311-312,  327,  450-452,  457-458 

K 

KBr,  216,  218 

KBr(lOO),  257,  258,  275,  277 

KClo.6Bro.4(001)  surface,  218 

Keesom  interaction,  117-118 

Kelvin 

equation,  138 

probe  force  microscopy  (KPFM),  232 
kinetic 

friction,  148, 150, 152, 155, 161, 163, 169, 
171-173, 177, 180, 181, 183, 184, 
205,  234-235 


friction  coefficient,  755 

friction  macroscale  coefficient,  754 

friction  ultralow,  183 

processes,  418 

rate,  368-372 
knife-edge  blocking,  98 
Knoop  hardness,  28 
Kondo 

effect,  241,247,  261-262 

temperature,  261-262 
Kramers  diffusion  model,  370 
K-shell  EELS  spectra,  360 
kurtosis,  911 


lab-on-a-chip,  839,  850-852 

system,  850 
Lamb  waves,  400 
Landau 

level,  242,  247,  255-257,  287 
quantization,  255,  257 
Langevin  dynamics  approach,  445 
Langmuir-Blodgett  (LB),  90,  216,  219,  221, 
223,  406,  420,  462,  472^173,  494 
Laplace 

force,  471,  715-716,  735 
pressure,  109,  138,  708 
large-sample  AFM,  5-8, 13, 14,  23,  27,  38,  44, 

63,  76,  78,  85 
large-scale  adhesion,  756 
laser 

ablation,  933 

deflection  technique,  47,  5 1 
lateral 

contact  stiffness,  243,  274 
cracks,  401 
deflection,  920 

force,  6,  S,  17,21, 23-24, 27, 37, 46, 47, 57, 
98,  135-190,  244-249,  252-253, 
255,  258,  261-266,  269,  270, 
275-278,  280-282,  286,  287 
force  calculation,  86 
force  microscopy  (LFM),  6,  37,  38, 

115-116, 151, 155,  207,  226,  244, 
267 
resolution,  39,  41,  43,  47,  48,  52,  56 
resonator,  959,  960,  961,  969,  973 
spring  constant,  59,  60,  245,  247,  251,  253, 

274-275 
stiffness,  76,  101,  243,  274-25 
surface  property,  5,  83 
lattice  imaging,  48 
layered  structure  lubricant,  510 
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layer  lubricant,  487 

LB.  See  Langmuir-Blodgett 

LDOS.  See  local  density  of  states 

leg  attachment  pad,  701 

Lennard-Jones  (LJ)  potential,  55,  56,  279,  444 

level  III  spring,  725,  726,  731 

LiF,  216 

(100)  surface,  280 
lifetime  broadening,  247,  255,  256,  263 
lifetime-force  relation,  374 
Lifshitz  theory,  119, 120, 122, 123, 128, 129, 

132 
lift  mode,  13, 14, 17,  18,  58 
lift  scan  height,  17,18 
LIGA  technique,  529 

light  beam  deflection  galvanometer,  83-84 
limit  of  tip  radius,  742 
linearization,  active,  99 
linear  variable  differential  transformer 

(LVDT),  98-99 
line  scan,  12,  41 
lipid 

bilayer  vesicle,  363 

film,  261,  266,  267 
liposome,  893 

liquid,  440,  443,  448^150,  452,  464,  470, 
487^184,488,489,491,510 

bridging,  922 

helium,  241,  242,  246 

helium  operation  STM,  243 

lubricant,  4,  5,  83,  84,  87-88,  850, 
870-873,  922-923 

lubricant,  470,  489,  510 

lubricated  surface,  157, 165-183 

nitrogen  (LN),  243,  246 
liquid-air  contact,  900,  901,  910 
liquid-air  interface,  716,  900,  907 
liquid  film  moleculariy  thick,  461,  462,  463, 

467,  468,  482,  528,  529,  530 
liquid  film  thickness,  52,  95-98 
liquid-like  Z-15,  464,  468,  472,  481,  525 
lithographie  galvanoformung  abformung 
(LIGA) 

fabrication,  929,  933 

process,  841-842,  919,  933 
lithography,  834,  836,  838,  855,  902-904,  929, 

930-931,  933-934 
live  cell,  378-379 
load 

contribution  to  friction,  150-156 

critical,  369,  370,  375,  379-383,  385-387 

dependence  of  friction,  256-257, 
271-272,  287 


load-carrying  capacity,  381,392 
load-controlled  friction,  151,  159,  162,  164 
load  curve,  469 

load-displacement,  530,  532-534,  538,  546, 
552-554,  560-564,  574,  575 

characteristic,  553 

curve,  75,  78,  80,  81,  99,  367,  371-373, 
532-534,  538,  546,  552-554,  563, 
574, 575 

profile,  562,  563,  564 
loading  curve,  407,  414^115 
loading  rate,  357,  367-374,  376-379 
local  deformation,  54,  63-76 

characterization,  4,  6, 14-15,  72-76,  99 
local  density  of  states  (LDOS),  253-254, 

266-272 
localized  surface  elasticity,  6, 16-22, 81-83,  99 
local  stiffness,  101 
London 

dispersion  interaction,  118,  119,  122 

penetration  depth,  268,  289,  291 
long-chain  hydrocarbon  lubricant,  489 
longitudinal  piezo-resistive  effect,  89 
long-range 

attraction,  109,  118, 120,  132-135 

force,  199-201,  217,  224,  227,  230,  282 

meniscus  force,  12 
long-range  hydrophobic  interaction,  204 
long-term 

measurement,  241 

stability,  241,  242 
loose  association,  360 
loss  modulus,  416,  417 
lotus,  534,  535,  538,  566-581,  639,  686 
lotus  (Nelumbo  nucifera)  effect,  833,  860,  897, 

898,  919 
lotus  leaf 

artificial,  907-908 

surface,  898,  907 
lotus  replica  micropattern,  902,  907,  908,  910 
low-cycle  fatigue  resistance,  963 
low-noise  measurement,  250 
low-polarizable  SAM,  424 
low  pressure  chemical  vapor  deposition 

(LPCVD),  529,  540,  860,  930-932 
low-stress  silicon  nitride  (LSN),  931 
low-temperature 

AFM/STM,  49 

microscope  operation,  241-243 

scanning  tunneling  spectroscopy 
(LT-STM),  247 

SFM  (LT-SFM),  245-246 

SPM  (LT-SPM),  241,  245 
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low-viscosity,  206,  207,  212 

fluid,  204-208,  230 
LPCVD.  See  low  pressure  chemical  vapor 

deposition 
lubricant 

chain  diameter,  84 

film,  845,  849,  869,  871-874,  883,  918, 
922-923 
failure,  452 
thickness,  96,  99 
flow,  467,  474,  476,  494 
fraction,  490,  492, 508, 509,  510, 512, 515, 

526,  527 
layer,  hydrophobic,  874,  921,  923 
liquid,  5,  83,  84,  87-88,  96,  849,  870-871, 

873,  922,  923 
MEMS/NEMS  application,  462,  489,  494, 

504, 525 
mobile-phase,  464,  487 
nanotribological  performance,  462,  468 
perfluoropolyether  (PFPE),  864,  870-875, 

918,  920-921,  928,  929 
PFPE,  462,  465,  467,  468,  472,  489-504, 

515,  526 
solidlike,  464,  468,  472,  481,  525 
Z-15,  463,  468,  470,  471,  525 
Z-DOL,  464,  465,  468,  473,  489,  525 
lubricated 

silicon,  487,  488,  489,  490,  492,  494 
surface,  871 
lubricating 

film,  403,  405,  452 
thin  film,  487 
lubrication,  3-6, 23, 83-99, 859, 869-881, 919, 
921-923,  928 
elastohydrodynamic  (EHD),  146,  147, 

165,  169 
intermediate  or  mixed,  146,  147,  168 
mobile  layer,  921-923 
nanoscale  boundary,  23,  83-99 
lubrication  property 
ceramics,  476 
polymer,  468,  471 
LVDT.  See  linear  variable  differential 
transformer 

M 

macrohardness,  80 
macromolecule,  112, 125, 134 
macroscale  friction,  99,  861,  862,  864,  865, 

867 
magnetic 

disk,  374,  393-394 


disk  drive,  352 

force,  196,  199,  202 

force  gradient,  58 

quantum  flux,  289 

storage  device,  351,  397 

thin-film  head,  351,394 

tip,  291,  292 
magnetic  force  microscopy  (MFM),  38,  58, 
240,288-291,340 

AM-MFM,  288 

domain  imaging,  288 

FM-MFM,  288,  290 

sensitivity,  58 

vortex  imaging,  290,  291 
magnetoresistive  (MR),  773,  808 
magnetostatic  interaction,  288 
magnetron  sputtered  carbon,  359,  371,  394 
magnon  excitation,  258 
manganite,  272,  289 
manipulation 

individual  atom,  248,  285 

of  individual  atom,  38 

individual  atoms,  248,  285 

molecules,  249,  251,  258 
manmade  pollutant,  711 
mass 

of  cantilever,  46 

effective,  241,  255,  257,  275 
material 

lubricant,  503 

structural,  950,  955,  962,  966,  973 
Matrix-method,  334-335 
maximum 

adhesive  force,  741 
maximum  load  nanoindentation,  455 
mean-field  theory,  125 
mechanical 

coupling,  176 

dissipation  in  nanoscopic  device,  243 

resonance,  182 

scission,  498,  499 

stability  fullerene,  505 
mechanical  property,  19,  21,61,  76,  81, 
98-100,  527-580,  947-973 

characterization,  972-973 

of  DLC  coating,  379,  381,  388-389, 
396-397 

experimental  technique,  530-539 
mechanics 

of  cantilever,  73-78 

modeling,  915,  916 

nonadhesive,  107 

potential  difference,  286 
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mechanics  (cont.) 

pressure,  175 

resonance  spectroscopy,  17 

stiffness,  21 

true  molecular,  156-157 
mechanism-based  strain  gradient  (MSG),  299 
melted  SAM,  443 
membrane,  362,  363,  368-379 

deflection  method,  972 
memory  distance,  107,  175, 186 
MEMS.  See  microelectromechanical  system 
MEMS/NEMS.  See  micro-/ 

nanoelectromechanical  system 
meniscus 

formation,  485,  508,  509,  515,  518 

of  liquid,  138-139 
meniscus  force,  12,  45,  46,  51-56,  96,  470, 
473^476,  484,  485,  708,  840,  859, 
873-874,  915-918,  921-923 
meniscus  force  time  dependent,  475 
metal 

deposited  Si  surface,  212-216 

evaporated  (ME)  tape,  351 

oxide,  216-223,  227 

particle  (MP),  72-75,  83 

particle  (MP)  tape,  395 

porphyrin  (Cu-TBPP),  227 

tip,  deformable,  449 
metal-evaporated  (ME),  72-76 
metallic  bonding,  modeling  of  material,  442 
metallic  microbeam,  552-553 
metal-oxide-semiconductor  field-effect 

transistor  (MOSFET),  854 
methylene  stretching  mode,  420,  421 
Meyer's  law,  427 

MFM.  See  magnetic  force  microscopy 
MgO(OOl),  221,  223,  225 
mica,  44,  56,  57,  208,  212,  213,  215-217,  219, 
225-226,  229-231,  234-235, 
259-261,  266-267,  272,  275,  277, 
278,  279,  286 

muscovite,  275,  277,  279 

surface,  260,  261,  277 
microbuckling,  741 
microcantilever,  838,  848 
microchannel,  207 
microcontact  printing  (uCP),  407 
microcrystalline  graphite,  362 
microdevice,  529,  951,  959 
microelectromechanical  systems  (MEMS), 
351,374,375,397,403,417, 
439^140,  447,  454,  462,  473,  489, 
494,  504,  525,  528-530,  537,  553, 


554,  566,  576,  577,  714,  717,  962, 
963,  967,  972 

device,  833-935 

technology,  966 
microelectronics,  216 
microengine,  842 
microenvironment,  230,  233 
microfabricated  silicon  cantilever,  197,  198 
microfabrication,  858-859,  931,  933 
microfluidic,  850-851 
microfriction,  33-37 
microgear,  407 
microimplant,  881 

microindentation,  392,  394-396,  404^105,  420 
micromachine,  528 
micromachined 

array,  846-847,  913,  914 

notch,  953,  960,  962-964,  971 

polysilicon  beam,  841,  860,  912-913 

silicon,  834,  835,  841,  843,  844,  860,  934 
micromanipulator,  122 
micromirror,  407,  437 
micromirror  device  (DMD) 

digital,  835-837,  846,  923-928 
micromotor,  407,  840,  841,  910-912,  919,  922 

lubricated,  860-861,  920-921,  929 
micro-/nanoelectromechanical  system 

(MEMS/NEMS),  84,  90,  204,  205, 
209,  296,  833-935 

characteristic  dimension,  834,  835 

device,  833-935 

lubricant,  84 

lubrication,  90 

mechanical  property,  528,  529,  530,  576 

tribological  property,  859,  861,  867,  868, 
875,  928 
micro-/nanooptoelectromechanicalsystems 

(MOEMS/NOEMS),  834 
micropattern,  92,  94,  95 
micropatterned  SAM,  429^32,  453^454 
micropatterned  surface,  902-907 
micropipette  aspiration,  116 
micropore  membrane,  757 
micropump,  850-853 

micro-Raman  spectroscopy,  392,  402,  422,  424 
microscale 

contact  resistance,  495,  512,  514,  517 

friction,  3-6,  27-33,  37^42,  56-58,  62,  98, 
505,  517-518,  861,  862,  865,  866, 
911 

hair,  759 

scratching,  4,  6, 12-13,  63-66,  76,  99 

seta,  759 
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wear,  3,  4, 12,  57,  62,  63,  66-71,  99,  505, 
517-518,  861,  867 
microscope  eigenfrequency,  73 
microscopic  bubbles,  218 
microscratch,  63,  65,  347,  379-388,  397-398 

AFM,  422,  432 
microsculpture,  919 
microsensor,  860 
microslip,  38,  59 
microspark  erosion,  933 
microstrain  gauge,  950,  967 
microstructure,  836,  858,  901,  908,  910-914, 
919,  929,  930 

characterization,  901-908 

surface,  897-898,  902,  903,  906-908 
microstructured  surface,  749,  760-761 
microsystem  technology  (MST),  528,  834 
microtip,  50-52 

microtriboapparatus,  914-919,  929 
microtribometer,  754 
microwear,  347,  379-389,  397-398,  865-866, 

876,  878 
millimeter-scale  device,  933 
millipede,  838,  848 
misfit  angle,  255,  260,  261 
mismatch  of  crystalline  surface,  108, 109, 133, 

149,163,172,178,179,185 
MnonNb(llO),  268,  269 
MnonW(llO),  272 
mobile  lubricant,  490,  509,  510,  526 
modeling  of  material,  440,  442 
modulus 

elastic,  347,  364,  367-371,  374,  378,  379, 
383,  396,  397,  398^100,  407^112, 
420,  425,  427^129 

of  elasticity,  16, 17,  38,  53,  58,  76,  81,  99 
MOEMS/NOEMS.  See  micro-/ 

nanooptoelectromechanicalsystems 
molding  process,  907,  933 
molecular 

chain,  406,  408,  414^419,  431,  450,  452 

cohesion,  365 

conformation,  462-488,  525 

dynamics  (MD)  calculation,  257,  280 

dynamics  simulation  (MDS),  243, 279-283, 
287 

imaging,  252,  259,  263,  265 

layer,  859,  870-871,  875,  928,  934 

resolution,  251 

shape,  169 

spring,  430-431 

spring  model,  91-92,  94,  95,  99,  422, 

429^32,  441,  443,  446,  453,  875 


translational,  203-204,  226-227 
molecular-beam  epitaxy  (MBE),  934 
molecular  dynamics  (MD),  209,  234,  440,  441, 

444,  445,  447^153,  455,  457^166, 

468,  471^173,  475,  479^192, 

495^198,  500,  502,  503,  505,  506, 

510,512 
simulation,  209,  234,  440,  441,  444,  445, 

448^152,  455,  457^166,  468,  471, 

473,  475,  479^185,  487^189,  491, 

495,  496,  498,  501,  502,  505,  506, 

510,512 
constant-NVE,  448 
molecular  recognition  force  microscopy 

(MRFM),  355-382 
molecular  recognition  force  spectroscopy 

principle,  365-368 
moment  of  inertia,  960 
monocationic,  505-515,  519,  522 
monohydride,  210-212 
monolayer 

indentation,  464,  466 

surfactant,  137, 145, 146, 157, 175, 180, 

182 
monomeric  bond,  375 
MoO3(010),  221 
M0O3  nanoparticle,  503 
Morse  potential,  334 
MOSFET.  See  metal-oxide-semiconductor 

field-effect  transistor 
MoS2  friction,  259-261 
MR.  See  magnetoresistive 
MRFM.  See  molecular  recognition  force 

microscopy 
MSG.  See  mechanism-based  strain  gradient 
MST.  See  microsystem  technology 
multilayer,  398^100,  421,  424-431 

thin-film,  374,  394 
multilayered  APTES,  887,  888 
multilevel  hierarchical  model,  number  of 

spring,  732 
multilevel  photolithography,  757,  761 
multilevel  structure  durability,  758 
multimode  AFM,  13,  58 
multimolecular  layer,  405,  406,  870-871 
multiple-beam  interferometry  (MBI),  113 
multiplication  of  dislocations,  396,  418 
multipole  interaction  potential,  443 
multiwalled  carbon  nanotube  (MWCNT), 

64-65,  506,  755-756 
multiwalled  nanotube  (MWNT),  10,  11,  112, 

121,  122,  125-126,  858 
muscovite  mica,  275,  277,  279,  360 
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mushroom-headed  microfiber,  750 
mushroom-like  contact,  753 
MWCNT.  See  multiwalled  carbon  nanotube 
MWNT.  See  multiwalled  nanotube 

N 

NaCl,  216,  217,  249,  257,  262,  285 
island  on  Cu(lll),  2S5 

NaCl(lOO),  262,  263,  273,  280 

NaCl(001)onCu(lll),  216 

NaF,  216,  259-260 

nanoasperity,  405^06,  906-907 

nanobeam,  738 

nanochannel,  404,  408,  853-856,  879,  897, 
931,  932 

nanochemistry,  834,  838,  934-935 

nanoclay,  553,  554,  556,  565,  576 

nanocomposite  material,  503 

nanocrystal,  893,  934 

nanocrystallite,  347,  358,  359,  397 

nanodeformation,  462^(88,  525 

nanodevice,  403,  405,  407,  427,  453,  455 

nanodroplet,  901,  907 
condensation,  907 

nanoelectromechanical  systems  (NEMS),  403, 
417,  454,  462^88,  525,  528,  529, 
537,  566,  576,  577,  833-935,  966, 
972 

nanoelectronics,  407 

nanofabricated  surface,  749 

nanofabrication,  12,  13,  38,  63,  99 
parameter,  76 

nanofatigue,  374-379 

nanofluidic 

device,  527,  833-935 
silicon  array,  855-856 

nanohair,  750 
polyimide,  751 

nanohardness,  16,  364-366,  404 

nanoimprint  lithography  (NIL),  933-934 

nanoindentation,  12,  15-16,  99,  367,  368,  370, 
371,  373,  392^26,  428,  429,  431, 
432,  448,  449,  452-461,  463,  468, 
470,  472,  512,  863-866,  948-949 
MD  simulation,  448,  449,  452,  455, 
457^59,  463,  512 

nanoindentation  relax 
surface  atom,  452 

nanoindenter,  81,  347, 367, 374, 380, 385, 386, 
388-389,  397-398,  530-531, 
538-545,  549,  552-565,  576,  577, 
956,  957 

Nano-Kelvin  probe,  13 


nanolithography,  838 

nanolubrication,  505 

nanomachining,  12,  13,  38,  63,  76,  99 

nanomagnetism,  212-21 A 

nanomanipulation,  336 

nanomaterial,  biologically  inspired,  833,  860 

nanomechanical  characterization,  923-928 

nanomechanics,  833,  840-869,  923-929 

nanometer,  439-513 

nanometer-scale 

device,  503 

electronic  device,  503 

friction,  440,  476,  509-510 

indentation,  439-513 

lubrication,  472^73 
nanometer-scale  friction  ceramics,  476 
nanometer-scale  property  material,  448,  457 
nanomotor,  214 
nanoparticle,  487,  503-510 

tip,  504 
nanopattern,  838,  849,  850,  883,  886,  902 
nanopatterned  polymer  surface,  902-903 
nano/picoindentation,  16,  77-78 
nanopores,  856 
nanopositioning,  94 
nanopump,  214 
nanorheology,  107-187 
nanoroughness,  754-755 
nanoscale 

adhesion,  860 

bending,  927-928 

contact  resistance,  513 

device,  879 

friction,  5,  6,  23-25,  42-50,  56-58,  90, 
98-100 

indentation,  3,4,  78-81 

spatula,  759 

supramolecular  assembly,  231 

test,  420 
Nanoscope  I,  41 
Nanoscope  II,  216 
nanoscopic  device,  833-834 
nanoscratch,  69,  99 

nanostructure,  839-840,  849,  860,  898,  901, 
907,  908,  910,  928,  931,  934-935 

bending  test,  532-539 

characterization,  901-908 

indentation,  576 

mechanical  property,  949 

roughness,  529 

scratch,  529 

scratch  test,  530-531,  540-545,  553-560 

stress  and  deformation  analysis,  527-530 
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nanosurface,  702 

nanotribological  properties  of  silicon, 

861-864,  867-869 
nanotribology,  235,  403-455,  462,  833, 

840-869,  928 
nanotube 

bundle,  463,  506-509 

probe,  122-126 
nanotube-based  sensor,  835,  838 
nanowear  map,  49,  50,  64 
nanowire,  838,  839 
Navier-Stokes  equations,  207,  208 
NbSe2,  268,  275,  290 
Nb  superconductor,  254,  290 
NC-AFM.  See  noncontact  atomic 

forcemicroscopy 
near-field  scanning  optical  microscopy 

(NSOM),  112,  113 
near-field  technique,  276 
negative 

contact  force,  497 

force  gradient,  311 
NEMS.  See  nanoelectromechanical  system 
net  displacement,  723-724,  739 
Newtonian 

flow,  146, 168-169 

fluid,  206,  211-214 
NH2  group  tip,  360 
NHS.  See  /V-hydroxysuccinimidyl 
iV-hydroxysuccinimidyl  (NHS),  359,  360 
Nickel(ii)  Oxide  (NiO),  245-246,  283,  284, 

291,  292 
NiO(OOl),  216,  221 
NiO(OOl)  surface,  216,  223-226 
Ni(001)  tip  on  Cu(100),  282 
Ni(lll)  tip  on  Cu(l  10),  282 
nitrilotriacetate  (NTA),  360,  362 
nitrogenated  carbon,  358 
noble-metal  surfaces,  255,  258,  261,  263 
/t-octadecyltrichlorosilane  (n-CigH37SiCl3, 

OTS),  420,  429 
noise 

electronic,  50,  103 

external,  242,  247 

performance,  206-207 

source,  87 
Nomarski  interferometer,  83,  84 
nonadhesive  contact,  141 
nonbranched  attachment  system,  708,  722-723 
nonbuckling  condition,  741,  745 
nonconducting  film,  354 
nonconductive 

material,  222,  226 


sample,  43 
noncontact 

AFM,  195-232 

AFM  image,  208-214,  216,  220-222,  225 
atomic  force  microscopy  (NC-AFM),  216, 
221,  222,  225,  284-287,  330, 
336-337 
dynamic  force  microscopy  (NC-AFM), 

284 
friction,  286 
imaging,  47,  48,  59 
mode,  208-210 
noncontact  atomic  force  microscopy 

(NC-AFM),  275,  330,  336-337 
noncontant  mode,  208-210 
nonliquidlike  behavior,  1 70 
nonmagnetic  Zn,  270 
non-Newtonian  flow,  146,  147 
nonpolar  end  group,  871 
nonsilicon  MEMS,  834,  836,  933 
nonspherical  tip,  272 
nonsticking  criterion,  743 
nonwetting,  132 

normal  friction,  145-146,  157,  159,  164 
normalized  frequency  shift,  332,  333,  336 
normal  load,  4,  8, 10, 13, 15, 16,  22-24,  26, 
28-31,  36-37,  39^41,  45,  48-50, 
53,  54,  59,  62-70,  76-78,  84,  85, 
92,  94,  95,  98,  99 
normal  stiffness,  140-159,  167,  176,  177, 

180-181,  187,  188 
Nose-Hoover  thermostat,  446,  447 
no-slip  boundary  condition,  204-214 
NSOM.  See  near-field  scanning  optical 

microscopy 
NTA.  See  nitrilotriacetate 
numerical  modeling,  476 

O 

octadecyldimethyl(dimethylamino)silane 

(ODDMS),  423,  436,  437^454, 

876-880 
octadecylphosphonate  (ODP),  423,  437, 

439^42,  444^48,  876,  877, 

879,  880 
octadecyltrichlorosilane  (OTS),  208,  209, 

420, 429 
octadecyltriethoxysilane  (OTE),  208,  216-219, 

221,223 
octyldimethyl  (dimethylamino)silane  (ODMS), 

423, 436-454,  876-880 
ODDMS.  See  octadecyldimethyl 

(dimefhylamino)silane 
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ODMS.  See  octyldimethyl  (dimethylamino) 

silane 
ODP.  See  octadecylphosphonate 
OMVPE.  See  organometallic  vapor-phase 

epitaxy 
on-chip  actuator,  961 
one-level 

hierarchical  model,  728,  732 

hierarchy  elastic  spring,  744 
operation,  196-200,  203,  206,  211,  232 
optical 

detector,  47 

head,  54-56 

head  mount,  55 

lever,  83-88,  94,  101 

microswitch,  837,  846,  847 
optical  lever 

angular  sensitivity,  87 

deflection  method,  101 

optimal  sensitivity,  87 
optical  tweezer  (OT),  117,  363,  365 
optimal  beam  waist,  87 
order 

in-plane,  170 

long-range,  108,  109,  118, 120,  124,  130, 
132-135, 143, 147 

out-of-plane,  170 

parameter,  113,  147,  173-174 
ordered  molecular  assembly,  416,  453 
organic 

compound,  408-414,  426 

monolayer  film,  28 
organofunctional  bond,  462 
organometallic  vapor-phase  epitaxy 

(OMVPE),  934 
orientational  interaction,  117-118, 147 
Orowan  strengthening,  429,  430 
oscillating 

cantilever,  6 

tip,  53,  58 
oscillation 

amplitude,  201,  218 

cycle,  309,  311,  313-315,  317,  320,  325, 
330,  343-346 
oscillatory 

flow,  207,  208 

force,  108, 128-133, 137, 142, 143, 169, 
170, 183,  223-224 

shear,  215 
osmotic 

force,  108, 116,  135 

interaction,  135 

pressure,  116, 126, 136, 155-156 

stress  technique,  116 


OT.  See  optical  tweezer 

OTE.  See  octadecyltriethoxysilane 

OTS.  See  octadecyltrichlorosilane 

oxide 

layer,  417,  419,  424 

sharpening,  111,  119 
oxygen  content,  396 


PAA.  See  porous  anodic  alumina 
packed  system  friction,  495,  496 
packing,  short-range,  236-237 
paraboloid  load  displacement,  409 
passive 

linearization,  97-99 
structure,  949-955 
patterned  surface,  883,  902-906 
PbonGe(lll),  267 
PBS.  See  phosphate-buffered  saline 
PDMS.  See  poly(dimethylsiloxane) 
PDP  group.  See  2-pyridyldithiopropionyl 

group 
peak  indentation  load,  367,  371,  372,  374 
peak-to-peak  load,  531 
peak-to-valley  (P-V),  545,  556 
peak-to-valley  (P-V)  distance,  883,  911 
PECVD.  See  plasma  enhanced  chemical  vapor 

deposition 
peeling  action,  709 
PEG.  See  polyethylene  glycol 
peierls  instability,  266 
perfluorinated  SAM,  438,  440 
perfluorodecanoic  acid  (PFDA),  407,  422,  423 
perfluorodecylphosphonate  (PFDP),  423,  436, 

438,  439,  441,  442,  444-448,  876, 

877,  879,  880 
perfluorodecyltricholorosilane  (PFTS),  423, 

436^54,  876-880 
perfluorodecyltriethoxysilane  (PFDTES),  879, 

891,892,902,903 
perfluoropolyether  (PFPE),  44,  83-90,  95,  96, 

869,  871,  914-918,  920,  921 
lubricant  film 

chemical  degradation,  462,  489-503 
surface  topography,  472 
nanotribological  property,  462,  489,  504, 

505,  525,  527 
perfluoropolyether  (Z-DOL),  38,  39,  57, 

84-90,  92,  95,  96 
periodic 

boundary  condition  (PBC),  444-445, 

448, 453 
potential,  253 
peristaltic  force,  137 
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permanent  dipole  moment,  23 1 

perpendicular  scan,  53,  65,  68 

perturbation  approach,  204 

perylene,  227 

PES.  See  photoemission  spectroscopy 

PFDA.  See  perfluorodecanoic  acid 

PFDP.  See  perfluorodecylphosphonate 

PFDTES.  See  perfluorodecyltriethoxysilane 

PFPE.  See  perfluoropolyether 

PFTS.  See  perfluorodecyltricholorosilane 

phase 

imaging,  344 

transformation,  396,  397,  407,  M2-A2A 
nanoindentation,  459 

transition,  shear-induced,  235 
phonon  excitation,  270 
phosphate-buffered  saline  (PBS),  883-885, 

888-892 
phosphazene  lubricant,  489,  500 
photoemission  spectroscopy  (PES),  255 
photolithographic  fabrication,  929 
photolithography  (PL),  903-904,  930,  934 
photoresist 

master,  578 

nanorod,  757 
photothermal  effect,  337 
physical  wear,  492 
physisorption,  461 
pick-up  tip,  125 
picoindentation  system,  16,  78 
piezo 

ceramic  material,  41,  96-97,  102-103 

effect,  95 

excitation,  315,  318,  319,  329,  337,  347 

hysteresis,  240,  242-243 

relaxation,  242-243 

stack,  99 

tube,  42,  43,  56,  67-68,  70,  94-96,  100 
piezoelectric 

drive,  40 

leg,  250-251 

positioning  elements,  240 

scanner,  113,  114,242,282 
piezoresistive 

cantilever,  88 

coefficient,  88-89 

detection,  49,  88-89,  198 

sensor,  717 
piezoscanner,  70,  96-97,  99,  102 
piezotranslator,  49,  50,  94,  95,  98,  102 
piezotube  calibration,  43,  56 
pile-up 

nanoindent,  401,  412,  428,  432 


nanoindentation,  452 

surface,  460 

surface  atom,  451,  452 
pillar  array  fabrication,  751-753 
pinning,  268,  290,  291 
pin-on-disk  tribotester,  420 
PL.  See  photolithography 
plants,  534,  535,  538,  566, 567,  579,  625,  686 
plant  wax,  897,  907 

plasma  enhanced  chemical  vapor  deposition 
(PECVD),  60-63,  71,  351-355, 
357-366,  370,  406,  540 

carbon  sample,  359-360 
plastic  deformation,  367,  372,  377,  387,  452, 
453,  455,  458,  460,  461,  471,  487 

surface,  452 
platinum-iridium  (Pt-Ir),  44-46 

tip,  44,  45 
plug  polysilicon,  931-932 
PMMA.  See  poly(methyl  methacrylate) 
pneumatic  damping,  246 
point  probes,  392 
Poisson's  ratio,  396,  400,  401,  403,  409^110, 

413 
polishing,  350 
poly(dimethylsiloxane)  (PDMS),  530, 

577-579,  744-745,  750,  752,  879, 
891,892,934 
poly(methyl  methacrylate)  (PMMA),  112,  126, 
530,  538,  553-556,  558-563, 
576-579,  891,  892,  902,  903,  934 

physical  property,  553,  555 
poly(propyl  methacrylate)  (PPMA),  530, 
553-563,576-579 

physical  property,  553,  555 
polycrystalline  graphite,  359,  360,  362 
polydimethylsiloxane  (PDMS),  407,  422 
polyethylene  glycol  (PEG),  359,  360,  364 
polyethylene  terephthalate  (PET),  72-74 
polymer 

adsorption,  123 

biocompatible,  530 

bioMEMS,  530,  855,  933-934 

brush,  166-167 

brushes,  489 

cantilever,  579 

chain  relaxation,  135 

end-adsorbed,  136 

fibril,  740,  741 

grafted,  136-137 

interaction,  134 

liquid  (melt),  114,  121,  147,  167,  183,  184 

microbeam,  576-578 
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polymer  (cont.) 

mushroom,  136-137 

nonadsorbing,  135,  167 

physisorbed,  134 

in  solution,  134,  167 
polymer  beam,  mechanical  property,  559 
polymer  fiber  orientation,  process  step,  752 
polymeric 

magnetic  tape,  36-37,  63,  64,  77,  78,  82 

microbeam,  553-565 
polypropylene  (PP),  227,  348 
polysilicon 

cantilever  beam,  913,  914 

deposition,  860,  930-932 

doped,  861,  862,  867 

fatigue,  971 

film,  529,  540-545,  576,  860,  861, 

867-869,  868,  928,  930,  951,  953, 
968,  969,  970 

fracture  strength,  970,  971 

fracture  toughness,  970-971 

friction,  971-972 

mechanical  property,  966-972 

microstructure,  968,  970 

residual  stress,  967-969 

undoped,  866-870 

Young's  modulus,  969-970 
polystyrene  (PS),  530,  553-565,  576-580, 902, 
903 

physical  property,  553,  555 
polystyrene/nanoclay  composite  (PS/clay), 

553,556-565,576-580 
polytetrafluoroethylene  (PTFE),  258,  259 

coated  Si-tip,  259 
polyurethane  (PUR),  348 
polyvinyl  alcohol  (PVA),  556,  579-580 
polyvinylsiloxane  (PVS),  753,  754 
pop-ins,  396 
pop-outs,  396,  397 
porous  anodic  alumina  (PAA),  757 
position,  accuracy,  103 
potential,  440^48,  450,  452,  453,  455, 
457^63,  471,  474,  475,  477, 
479^183,  485,  488,  489,  495,  500, 
503,509-510 
power  dissipation,  284,  346,  347 
power  spectra 

MD  simulation,  484 
PP.  See  polypropylene 
PPMA.  See  poly(propyl  methacrylate) 
pre-crack  length,  954 
pressure 

contact,  116, 126, 154-156 


Laplace,  109,  138 

osmotic,  116, 126, 135-137, 155-156 
probability  force  distribution,  370 
probe 

colloidal,  115, 116 

FIB-milled,  64 

fluorophores,  230 

surface,  360-362,  368,  369 
probe-sample  distance,  311,  319,  321,  329 
probe  tip 

performance,  116-119 

standard,  115-116 
process,  gas,  357 
processing  aids,  214 

properties  of  a  coating,  353,  381,  388-389 
property,  440,  445,  447^49,  457,  463,  466, 
468,  470^172,  476,  482^183,  486, 
487,491^192,495,502,503, 
505-508,510,512 

parameter,  728,  738,  761 

phonon  mode,  445 

profiler,  913 

separation,  129 

ultrasmooth,  55 
protective  nitride  layer,  932 
protein  coating,  881 
protrusion  force,  108,  137 
PS.  See  polystyrene 

PS/clay.  See  polystyrene/nanoclay  composite 
Pt  alloy  tip,  46 

PTFE.  See  polytetrafluoroethylene 
Pt-Ir.  See  platinum-iridium 
pull-off,  723,  726,  727,  742,  745,  753 

cycle,  724 

force  (see  Adhesion  force) 
pull-off  adhesion  force,  217 
pulsed  force  mode,  17 
PUR.  See  polyurethane 
PVA.  See  polyvinyl  alcohol 
P-V  distance.  See  peak-to-valley  (P-V) 

distance 
PVS.  See  polyvinylsiloxane 
pyramidal  tip,  115,  120,  128 
PZT  (lead  zirconate  titanate) 

scanner,  6-8, 16,  21 

tube  scanner,  42,  51,  54,  72 

Q 

QCM.  See  quartz  crystal  microbalance 

Q-control  system,  326 

QELS.  See  quasi-elastic  light  scattering 

2-factor,  198,  200,  275,  282 

quad  photodetector,  8,  5 1 
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quadrant  detector,  70,  85,  86,  98 

quality  factor  Q,  59, 75, 78,  197, 202,  314,  316, 

337-342,  346,  347 
quantum 

box  (QB),  838 

corral,  262,  263,  265 

dot,  934 

dot  transistor,  835 

Hall  regime,  286-287 

tunneling,  25 1 

wire  (QWR),  838 
quartz  crystal  microbalance  (QCM),  440,  486 
quasi-continuum  model,  458 
quasi-elastic  light  scattering  (QELS),  226 
quasi-optical  experiment,  25 1 
quasistatic 

bending  test,  532,  536-538,  547,  549,  552 

mode,  201 

R 

radial  cracking,  371 
radiofrequency  (RF) 

MEMS/NEMS,  834,  836,  846,  858,  859 
radius 

of  gyration,  1 34,  169 

hydrodynamic,  134 
Raleigh's  method,  74 
Raman 

spectra,  359-360,  362 

spectroscopy,  359-363,  397 
random 

nanoroughness,  754-755 

rough  surface,  723,  728,  737-738,  744,  760, 
762 
randomly  oriented  polysilicon,  970 
ranking  of  various  SAMs,  427 
ratchet  mechanism,  29-30,  33,  57, 

98,  478 
rate-dependent  slip,  209,  214 
rate  of  deformation  simulation,  458 
Rayleigh  wave,  399^100 
RbBr,  216 
reaction  force,  920 
readout  electronics,  85,  86,  100,  102 
rebinding,  367 

receptor  immobilization,  360-362 
receptor-ligand 

bond,  362 

complex,  356,  357,  365,  367 

interaction,  108 

pair,  358 
receptor-ligand  recognition  bond  formation, 
357 


recognition 

force  spectroscopy,  365-380 

imaging,  379-382 
rectangular  cantilever,  60-63,  245-246 
reduced  modulus,  396,  408,  409 
reflection  interference  contrast  microscopy 

(RICM),  117 
relative  humidity  (RH),  468,  470,  480^485, 
490,  491,  496,  500,  508,  515,  516, 
518-520,  526 

influence,  480,  482,  518,  519,  525-526 
relative  stiffness,  19 
relaxation  time,  147,  169,  175,  184,  186 
remote  detection  system,  84 
repulsive  tip-substrate,  458 
residual 

film  stress,  948,  949,  953,  968 

stress,  364-366,  369,  371,  375,  377-380, 
383,  391,  398,  399,  411,  412,  421, 
428 
resisting  pushing  force,  A96-A91 
resolution  vertical,  39,  47 
resonance 

curve  detection,  59 

mechanical,  182 
rest-time  effect,  473^476,  525 
retardation  effect,  119,  122,  123 
retract 

curve,  364-365 

trace  approach,  364 
Reynolds  equation,  207 
RF  magnetron  sputtering,  351 
rheology,  interfacial,  223 
rheometer,  224-225 
rhombhedral  R-8,  422 
RICM.  See  reflection  interference  contrast 

microscopy 
RMS.  See  root  mean  square 
rolling  friction,  120, 144 
room  temperature  (RT),  443 
root  mean  square  (RMS),  275,  276,  728,  730 

amplitude,  728,  737,  738,  745 
rotor-hub  interface,  840-841,  910,  911,  922 
rotor-stator  interface,  840-841 
roughness,  115, 130,  140-144, 186,  529,  545, 
560,  566-575,  577 

amplitude,  710,  761-762 

angle,  60-61 

energy  scale,  377 

image,  20 

induced  hierarchical  surface,  928-929 

structure,  749-756 

of  surface,  130 
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roughness  factor,  898-900,  902,  910 
RT.  See  room  temperature 
rule  of  mixtures,  426,  429,  431 
rupture  force,  367-369,  373,  379 
rutile  TiO2(100),  221 

S 
sacrificial 

layer,  930 

layer  lithography  (SLL),  855,  931,  932 

oxide,  931-932 
SAM.  See  scanning  acoustic  microscopy;  self- 
assembled  monolayer 
sample  holder,  243-244 
SATP.  See  (S-acetylthio)propionate 
scan 

area,  54 

direction,  50,  54,  56,  97,  103-104 

frequency,  50,  54,  103 

head,  244-245 

range,  43^5,  49,  95-96,  98-100 

rate,  4, 17, 19,23,  43,  54,  56 

size,  42^4,  54,  56,  57,  94 

speed,  54,  56,  59,  98,  101 
scanner,  piezo,  242,  282 
scanning 

acoustic  microscopy  (SAM),  399^-01 

capacitance  microscopy  (SCM),  38 

chemical  potential  microscopy  (SCPM),  38 

electrochemical  microscopy  (SEcM),  38 

electron  microscopy  (SEM),  11,  66,  68,  99, 

112,  114-115,  120,  122,  124, 
126-128,  704,  705,  712,  740,  750, 
753,  754,  756 

electrostatic  force  microscopy  (SEFM),  38 

head,  42 

ion  conductance  microscopy  (SICM),  38 

Kelvin  probe  microscopy  (SKPM),  38 

magnetic  microscopy  (SMM),  38 

near  field  optical  microscopy  (SNOM),  38 

probe  microscope,  112,  113 

probe  microscopy  (SPM),  38,  39,  49,  94, 

95,  100,  112,  113,  125,  130,  195 
speed,  54,  56,  59,  98,  101 
spreading  resistance  microscopy  (SSRM), 

494 
system,  94-104 

thermal  microscopy  (SThM),  38 
tunneling  microscopy  (STM),  3,  4,  6,  23, 

24,  37^6,  48-51,  60,  94,  99,  112, 

113,  120,  130-132,  195,  196,  198, 
202,  209,  215,  216,  221-223,  308, 
317,328,330,452,464 


scanning  force 

acoustic  microscopy  (SFAM),  38 

microscopy  (SFM),  38-39,  240-242, 
245-247,  274-293 

spectroscopy  (SFS),  274-293 
scanning  force  microscopy  (SFM),  240-242, 
245-247,  274-293 

bath  cryostat,  245-247 

dynamic  mode,  274,  275 

interferometer,  246 

piezo  creep,  246 

static  mode,  275 

thermal  drift,  276 

thermal  noise,  242,  275,  276 

variable  temperature,  243-245 

vibration  isolation,  243 
scanning  probe  microscopy  (SPM),  239-293 
scanning  tunneling  microscopy  (STM),  240, 
243-245,  247-274,  278,  279,  285, 
289 

bath  cryostat,  245 

cantilever,  45,  60,  71 

cantilever  material,  60,  7 1 

light  emission,  251,  258 

piezo  creep,  244 

principle,  40,  41,  46 

probe  construction,  45^46 

spectroscopy,  247-274 

spin-polarized,  272,  273 

thermal  drift,  247 

thermal  noise,  242 

tip,  38,  50,  244,  253,  258,  285 

variable  temperature,  243-245 

vibration  isolation,  243 
scanning  tunneling  spectroscopy  (STS),  242, 
247,  253-255,  261,  263,  266-268, 
270-272,  289 

energy  resolution,  253,  254 

inelastic  tunneling,  247 
scratch 

critical  load,  369,  370,  379,  380,  391,  392 

damage  mechanism,  381,  387 

depth,  475,  476 

drive  actuator,  961,  972 

induced  damage,  379 

resistance,  432^36,  531,  542-545, 
559-560,  576 

test,  380,  530-531,  540-545,  553-560 
scratching,  4-6, 12-13, 15,  63-77,  98-100 

force,  475,  476 

measurement,  38 
screening,  118-119,  131,  132 
selectin,  373-375 
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self-assembled 
growth,  250 
monolayer  (SAM),  208, 210, 213,  215, 216, 

221,225,419 
structure,  494-503 
self-assembled  monolayer  (SAM),  403^455, 
462,  464,  466,  487,  497,  498, 
500-502,  847,  856,  869,  875-880, 
887,  889,  891,  892,  902,  918,  923, 
925,  926,  928,  929,  934 
on  aluminum,  422^423 
chemically  adsorbed,  92 
coated  surface,  891,892 
on  copper,  422^423 
deposition,  406,  407,  417,  419,  426 
friction,  44,  90-95,  99 
nanotribological  property,  407,  420^453, 

462,  527 
SAM  microscopy,  399-400 
stiffness,  91,  92,  93,  95 
sudden  failure,  879 

tribological  property,  5, 19, 90,  98, 859, 875 
self-assembly,  265 

directed,  755 
self-cleaning,  533-689,  711-713,  755,  758, 
760,  833,  860,  897-910,  919, 
928-929 
efficiency,  908 
mechanism,  919 
surface,  833,  860,  897-910,  929 
self-excitation  mode,  308,  318,  328-337,  343, 

348-349 
self-lubrication,  280,  282,  287 
self-similar  scaling,  707,  708 
semiconductor 

quantum  dot,  263 
surface,  207,  210 
sensitivity,  38,  42,  47,  48,  58,  59,  63,  79,  80, 
84,  86-89,  92,  93,  96-98,  101,  198, 
205,  246 
sensor,  biochemical,  408 
setal  orientation,  709,  717 
SFA.  See  surface  force  apparatus 
SFG.  See  sum-frequency  generation 
SFM.  See  scanning  force  microscope 
shark  skin,  535-536,  539,  544,  668-671,  673, 

680,  681,  686-688 
shear 

force  (see  Kinetic,  friction;  Static,  friction) 

modulus,  245,  274,  279 

motion,  215,  219,  224 

strength,  270 

stress,  205, 206,  209,  211,  213 


critical,  147-149, 152, 157-158 
effective,  274 
shear  flow  detachment  (SFD),  362,  365 
SH-group,  358,  360 
short-cut  carbon  nanotube,  263,  265 
short-range 

chemical  force,  277,  282,  284 
electrostatic  attraction,  219 
electrostatic  interaction,  217 
magnetic  interaction,  216,  223-226 
packing,  236-237 
shot  noise,  84,  87 
Si(001)(2x  1),  211 

Si(100),  368-370,  382,  385-391,  395-397 
coefficient  of  friction,  469,  472,  473,  474, 
477,  479,  480,  481,  482,  484,  485, 
486,  491,  497,  498,  499,  500, 
501,  502,  504,  508,  514,  517,  518, 
519 
substrate  surface,  464,  514,  515,  525,  526 
Si(lll)  (7x7),  258,  259,  281,  285,  287 
Si-Ag  covalent  bond,  215 
Si-based  surface,  881-891 
Si  cantilever,  197,  198,  245 

gold-coated,  359 
SiC  film 

doped,  867 
undoped,  867,  869 
Si(001)(2  x  1):H  surface,  210-212 
silane 

bubbler,  418,  419 

polymer  film,  887 

silanization  process,  883 

silanol  group  (SiOH),  422 

Silicon  (Si),  60,  62,  63,  88,  396,  401,  402, 

422^124,  427,  834-836,  839,  841, 
843,  844,  848,  852,  854-856, 
859-869,  873,  881-896,  903,  914, 
929-934 
adatom,  207,  209 
beam,  546,  549 
cantilever,  10,  11,17,  19 
friction  force,  422,  440,  441,  443 
grain,  368 
microimplant,  881 
micromotor,  486 

nanobeam,  545,  549,  566,  569,  572-575 
nitride  (Si3N4),  47,  48,  57,  60-64,  71 
nitride  layer,  931-932 
surface,  417,  420,  464,  466,  496,  507,  509, 
518, 521-525 
terminated  tip,  277 
tip,  116,  119,  125,207,210, 
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212-216,  223-226,  231,  276-278, 
282,  283 
single-crystal,  10,  11,  13,  19 
tribological  performance,  861,  879 
trimer,  212-214 

uncoated,  490,  492,  496,  508,  509,  510, 
511,  512,  513,  514,  515,  516,  517, 
518,  520 
siloxane  polymer  lattice,  887 
single 

asperity,  3,  5, 10,  52-54,  56,  58,  59,  98, 

271,287 
CNT  probe,  127 
gecko  seta,  711,  717,  718,  732, 
749,  761 
single  atomic  bond  measurement,  308-314 
single  crystal 

silicon,  949,  969,  970,  971 
silicon  cantilever,  60,  62,  63 
single-crystal  reactive  etching  and 
metallization  (SCREAM) 
silicon  cantilever,  17, 19 
single-crystal  Si(100),  463,  490,  502,  506 
single-crystal  silicon,  860-862,  867,  903-904, 
929-930 
hardness,  79-80 
single-level  attachment  system,  738,  739 
single  molecule 

packing  density,  92 
recognition  force  detection,  362-365 
spring  constant,  6,  46,  92 
single-molecule  force  spectroscopy 

dissociation  rate,  369 
single-particle  wavefunction,  253 
single  spatula  contact  angle,  736-737,  760 
single-spring  contact,  723-724 
single-walled  carbon  nanotube  (SWNT),  64, 
112,  121,  124,  125,  262,  279,  280, 
284,  835 
biosensor,  858 
sink-in,  401,  411,  412,  428,  432 
sintering,  118,  121-122 
Si3N4  tip,  47,  57,  62,  115,  420,  422,  424,  426, 
435,  469,  473,  474,  477,  488,  862, 
866,  883,  891,  911 
Si02 

beam,  545,  546,  549,  551 
film  surface,  414,417 
MEMS  semiconductor,  774 
nanobeam,  545,  546,  566,  576 
Si(lll)-(-\/3  x  V3)-Ag,  210-212 


Si  replica 

hierarchical,  907,  908,  910 
Si  surface 

micropatterned,  92,  94,  95,  903-906 
Si(l  11)  surface,  212,  227 
size  of  lamella,  761-762 
size  of  seta,  761-762 
skewness,  911 
sliding 

contact,  279,  280,281,287 

direction,  161,  171, 182-183 

distance,  114,175,180,  186 

friction,  39,  120,  121 

induced  chemistry,  477 

of  tip,  244-245 

velocity,  4,  45-50,  99, 114, 146, 153-154, 
156-158, 168, 170,  171, 174, 175, 
177, 180, 181, 184,  265,  268,  425, 
441^46,  454,  841,  917 

work,  472,  477,  487,  499,  503 
s-like  tip  state,  253-254 
slip,  205-214,216-217 

length,  206,  208-210 

partial,  205,  206,  210,  236 

plane,  115, 173 

at  the  wall,  206 
slipping  and  sliding  regime,  172, 174 
small  specimen  handling,  947,  950 
smart 

adhesion,  701-762 

system,  893 
smooth 

nanobeam,  567-570,  574,  575 

sliding,  148, 161-163, 172, 179, 180 
snap-in,  469 

S-N  (stress-life)  diagram,  75 
SnO2(110),  221 
soft 

coatings,  426 

lithography  (SL),  902,  933-934 

stiction,  926,  927,  929 

stuck  micromirror,  926-927 

substrate,  470 

surface,  8, 17,  54,  81-82,  94,  344 
solid 

boundary  lubricated  surface,  148-164 

lubricant,  922 

phase  Z-DOL,  470 

surface,  846,  872,  897-899,  918-919 

thin  film,  487,  510 

xenon,  279 
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solidification,  172 

incomplete,  233-234 
solid-like 

behavior,  184 

lubricant,  922,  923 
solid-liquid-air  interface,  900 
solid-liquid  interface,  214 
solid-lubricant  interaction,  487 
solvation  force,  108, 127-129,  131,  133,  137, 
142, 143 

sp3 

bonded  carbon,  350,  353,  356,  361,  379 

bonded  tip,  46(M61 

bonding,  350,  359,  363,  366,  368,  370 
spacer  chain,  408,  414^19,  423,  426,  435, 

436,  453 
spatula-substrate  bifurcation,  711 
spectroscopic  resolution  in  scanning  tunneling 

spectroscopy  (STS),  242,  247 
spectroscopy 

principle,  365-368 
spherical 

particle,  893-894 

tip,  715,  724,  737-740,  744,  748,  751,  753 
spider  dry  adhesion,  704 
Spiderman  toy,  750,  751 
spin 

density  wave,  271 

excitation,  247,  258 

quantization,  255,  257 
spin-polarized  STM  (SP-STM),  272-274 
split-diode  photodetector,  7,  20,  21 
SPM.  See  scanning  probe  microscopy 
spring 

force-distance  curve,  728 

instability,  217,  219 

level,  723,  725 

sheet  cantilever,  63,  71 

system,  41 
spring  constant,  197,  198,  202,  203,  209,  241, 
245,  247,  251,  253,  256,  257,  267, 
274,  274-275,  281,  282,  308-312, 
332,  345,  347,  960 

calculation,  45,  60,  62,  71,  72 

change,  241 

effective,  251,  253,  267,  274-275 

lateral,  59,  60,  245,  247,  251,  274-275 

measurement,  62-63,  71 

vertical,  48,  59,  60,  62,  63 
(S-acetylthio)propionate  (SATP),  360 
SP-STM.  See  spin-polarized  STM 
sputtered  coatings,  physical  property,  364-365 


sputtering 

deposition,  356,  357,  366,  370 

power,  359,  365,  366 
SrF2,  218 

SrTiO3(100),  221,  222 
SSD.  See  statistically  stored  dislocation 
STA.  See  streptavidin 
STA-biotin  wear,  889 
stacked-cone  nanotube,  122 
static 

AFM,  198-199,  201,  308-310,  313,  344 

deflection  AFM,  309 

friction,  148, 158, 161, 169, 172, 181, 185, 
234-235,  965,  972 

friction  force,  876,  919-923,  929 

friction  force  (stiction),  840,  919-923 

friction  torque,  920 

indentation,  82 

interaction,  109 

mode,  198,  199,  274,  275,  282,  288 

mode  AFM,  84 
static  contact  angle,  424,  428,  437^440, 

876,  877,  897,  898,  902,  905-910 
statistically  stored  dislocation  (SSD),  295,  297, 

299-301 
steady-state  sliding,  489 
stepping  motor,  250-251 
steric 

force,  108, 11 7,  137 

repulsion,  108 
stick  boundary  condition,  211-212 
sticking  condition,  738,  740,  743 
stick-slip,  121, 148, 157, 158, 161-163, 168, 
169, 187,  204,  223-224,  226,  235, 
481,482 

behavior,  26,  27 

friction,  474,  482,  483,  499 

mechanism,  251,  263 

movement,  24-25 

phenomenon,  27,  57 
stick-slip  sliding,  148,  171-183 
stiction,  82, 161,  403,  405,  407,  453,  840-841, 
843-845,  847-848,  858,  859,  897, 
923,  925,  926,  928,  929 

phenomena,  860,  923-928 
stiffness,  379-380,  386,  422,  425,  426, 
429^32,441,443,445, 
453^54 

continuous  measurement  (CSM),  374-375 

torsional,  76-77 
Stillinger-Weber  potential,  442,  443,  458,  459 
STM.  See  scanning  tunnelingmicroscope 
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Stoney  equation,  948 
storage  modulus,  416,  417 
strain  energy  difference,  374 
strain  gauge  rotating,  951 
stray  capacitance,  91-92 
strength,  947-949,  953,  954,  960-963,  966, 
967,  970-973 

of  adhesion,  701-704,  707,  711,  717,  718, 
728,  750,  760 
streptavidin  (STA),  361,  368,  372,  373, 
377-379 

coating,  883,  884,  886 

protein  binding,  882 
stress,  947-958,  960,  962,  963,  967-972 

distribution,  547,  548,  567-569,  574 

field,  949 

gradient,  952-953,  969 

intensity,  536 

maximum,  953,  960,  971 

measurement,  948,  950-952,  957,  958 
stress-strain 

behavior,  956-958 

relationship,  741 
Stribeck  curve,  146,  165,  170 
strip  domain,  289 
structural 

force,  108, 127-130, 134, 142 

material,  950,  955,  962,  966,  973 
structure,  active,  949,  955-966 
STS.  See  scanning  tunneling  spectroscopy 
stuck  comb  drive,  841-842 
stuck  micromirror,  923-927 
subangstrom  deflection,  114 
subangstrom  positioning,  113 
submicron  particle,  881-896,  928-929 
substrate 

curvature  technique,  948 

particle  interaction,  712 

surface  energy,  714 
sulfonium,  503,  504 

sum-frequency  generation  (SFG),  224-225 
superadhesive  tape,  702 
superconducting 

gap,  254,  268-271,289 

magnetic  levitation,  41 

matrix,  289 
superconductivity,  241,  247,  268,  271 

vortex,  268,  269,  289,  290 

vortices,  268,  289-291 
superconductor,  254-255,  268-271,  276, 
289-291 

type-I,  268,  289 


type-II,  268,  269,  289,  290 
superhydrophobicity,  533-689 

roughness-induced,  833,  860,  897-910 
superlubricity,  261 
superlubric  state,  488 
super  modulus,  398-399,  429 
superoleophobicity,  537,  539-540,  543-544, 

561-562 
surface 

amorphous,  109 

atom  layer,  200 

band,  255,  256 

characterization,  6,  72,  76,  99 

charge,  108,  124-127,  131 

charge  density,  124-127 

crystalline,  108,  109,  133,  149,  163,  172, 

178,179,185 
elasticity,  6,  16-22,  81-83,  99 
energy,  349,  353,  405,  406,  416,  417, 
422,  424,  437,  440,  454,  707, 
714,  715 
energy  (tension),  121 
film,  nanotribology,  405^408 
free  energy,  437^(48 
friction,  491^192 

height,  6,  22-25,  28-31,  34-36,  39^42,  61, 
65,  69,  71,  76,  82,  83,  94,  95,  472, 
492,  493,  494,  495,  506,  507,  511, 
526 
image,  494,  506,  507 
profile,  762 
height  map,  886,  903-905,  911 
heterogeneity,  144 
hydrophilic,  109, 130-132, 139, 158, 160, 

184 
hydrophobic,  109, 130-134, 138, 139, 157, 

158, 160 
imaging,  23-63 
inhomogeneity,  901 
interaction,  3-5,  88,  97 
lubricated,  465,  483,  492 
material,  706 
micromachining,  840,  844,  858-860, 

911,  929-931 
potential,  13-14,  69,  71,  99, 124, 125,  354, 
489,  490,  492^495,  509-517,  526, 
527 
Fermi  energy  level,  492 
mapping,  14,  69,  71 
potential  map,  493,  495,  511,  515 

surface  roughness,  29 
protection,  403^-55 
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roughness,  130,  405,  426^29,  714, 

728,  731,  737,  746,  747,  749,  754, 
755,  759-761,  833,  848, 
860-862,  865,  887,  888,  897-911, 
928-929 
state  lifetime,  255 
structure,  122, 140-143, 184-187 
temperature,  simulation,  458 
tension,  404-405,  424,  427,  437,  453,  454, 
462,  463,  471,  481,  489,  526,  708, 
735,  736,  752 
force,  716 
topography,  15,  25,  35,  64,  71,  95,  96,  244, 
275,  472 
gray-scale  plot,  25,  95,  96 
unlubricated,  483 
surface  force  apparatus  (SFA),  3-5,  110, 

113-116, 119, 120, 140, 151, 155, 
156, 167, 172, 176,  204,  207,  212, 
214-216,  223-226,  228-230, 
235-237,  296,  304,  326-328,  362, 
363,  365,  440,  487,  911-912 
calibration,  228 
surface-surface  spacing,  212 
surfactant  monolayer,  146,  157 
suspended 

beam,  538,  560-564,  578,  579 
membrane,  957 
SWNT.  See  single-walled  carbon  nanotube 
synthetic  vesicle,  893 
syrphid  fly,  end  of  the  leg,  704 


TA.  See  tilt  angle 
tape 

lubricated,  462,  489,  519 
unlubricated,  519 
tapping  mode  (TM),  8-10,  13,  14,  17-21,  53, 
58,  61-64, 64, 65,  74,  308,  317-326, 
328,  337-344,  347,  348,  888-890, 
911,  912 
AFM,  319-328 

etched  silicon  probe  (TESP),  62 
teflon  layer,  281 

TEM.  See  transmission  electron  microscope; 
transmission  electron  microscopy 
temperature,  121, 134, 137, 147, 153-154, 161, 
171, 174, 175, 182 
critical,  254-255,  270,  276,  289 
dependence  of  friction,  269 
Flory,  134 
theta  (6),  134 


tensile 

load,  953,  971 

stress,  528,  534,  547,  548-550,  553,  563, 
566,  567,  569-570,  573-574,  577, 
951-954,  956,  963,  968,  969,  971 

test,  956,  962,  963,  969,  970 

testing,  14, 15 
terminal  element,  703,  704 
test  environment,  392,  393 
tether  length,  359,  370 
therapeutics,  881-896,  928 
thermal 

CVD,  121-125 

desorption,  450 

drift,  240,  241,  244-245,  247,  276,  289 

effect,  263-269 

fluctuation,  247 

fluctuation  force,  108 

frequency  noise,  242 

processing,  530 
thermal  expansion  coefficient,  199 
thermomechanical  noise,  275 
thermostat,  445,  446^148 
theta  (6) 

condition,  134, 137 

temperature,  134 
thin  film,  391^132,  463^172,  487-512 
thin  liquid  films,  204,  224,  229,  236 
third-body  molecule,  483^185,  487 

frictional  force,  483^185,  487 
three-body  deformation,  contact  region,  61-62 
three-dimensional  (3-D),  709,  717-718 

bulk  state,  265 

force,  335 

force  field  spectroscopy,  283-285 

force  measurement,  93-94 

force  spectroscopy,  335 
three-level  hierarchical  model,  725,  727,  728, 

731,  736-738,  760 
three-level  model,  adhesion  coefficient,  728, 

730-734 
through-thickness  cracking,  367,  371-374 
Ti  atom,  222,  223,  228,  230 
TiC  grain,  28 

tilt  angle  (TA),  897,  901,  905-907,  909,  910 
tilt  configuration,  433 
Ti02 

substrate,  229 

(110)  surface,  207,  221,  227,  229 

(110)  surface  simultaneously  obtained  with 
STM  and  NC-AFM,  223 
TiO2(110),  221,223,  229 
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tip,  244-249,  251-254,  256-258,  264-267, 

271-276,  280-287 
apex,  265,  266,  272,  276,  277,  280,  282, 

283,  285,  285,  291 
artifact,  209,  228 
atom,  242,  248,  249,  272,  276-279,  281, 

282,  285,  291 
bound  antibody,  378 
bound  antigen,  369 
cantilever  assembly,  120 
carbon  nanotube,  118,  121-123,  126-130 
conductive,  130 

electron-beam  deposition,  120-121 
fabrication,  115,  116,  119,  120,  125 
Fe-coated,  224-226 
focused  ion  beam,  119-120 
geometry,  120,  121 
immobilized  ligand,  360,  380 
induced  atomic  relaxation,  277-278 
jumping,  48 1 
mount,  43,  50 
multiwalled  carbon  nanotube  (MWNT), 

10,11 
oscillation,  322,  332 
oscillation  amplitude,  284,  286 
oscillation  trajectory,  332 
oxide-sharpened,  119 
preparation  in  UHV,  249 
preparation  method,  45 
radius,  468,  476 
radius  effect,  59,  367,  379-380,  386,  390, 

483-485 
tipless  cantilever,  125-126 
tip-sample 

adhesion,  508 

distance,  8, 17, 55,  200,  206,  212,  215,  216, 

219,  222,  226,  278,  282,  285,  291, 

309,  310,  314,  317,  318,  321-324, 

326-329,  333,  336,  347 
electric  field,  286 
energy  dissipation,  202,  218 
interaction,  21, 200, 205, 206, 222, 223, 284 
interface,  441 ,  444 
potential,  204 
separation,  340 
separation  distance,  465 
tip-sample  force,  196,  200-202,  205-206,  274, 

281,  282,  284,  308,  309,  313,  317, 

320,  322,  325-329,  332,  344, 

348-349 
tip-sample  force  gradient,  205 
tip-sample  interaction,  240,  274-276,  281, 

282,288,291,310,311,317,318, 


320,  326-332,  334,  335,  341,  343, 
345,  347 

chemical,  276,  291 

electrostatic,  282,  286 

van  der  Waals,  282 
tip-surface 

distance,  359,  381 

interaction,  252,  280,  461,  477,  478 

interface,  450,  452,  478 

potential,  251 
TIR.  See  total  internal  reflection 
Titanium  dioxide  (Ti02),  258 
TM.  See  tapping  mode 
Tokay  gecko,  702,  705-713,  717,  723,  759 
Tomanek-Zhong-Thomas  model,  27 
Tomlinson  model,  46,  243, 251-255,  257, 259, 
263-266,  279 

finite  temperature,  264-266 

one-dimensional,  251-253 

two-dimensional,  253-254,  259 
top-down  method,  834,  929 
topographical 

asymmetry,  225,  226 

image,  47,  51,  58,  65 
topography 

induced  effect,  33,  41 

measurement,  47,  48,  53,  58,  59,  71 

and  recognition  (TREC)  image,  380-382 

scan,  13 
topography  and  recognition  (TREC)  imaging, 

380,382 
topped  pyramidal  asperity,  898-899 
torsional  dissipation,  286 
torsional  resonance  (TR),  19-22,  37^42,  83, 
779,  820,  821 

amplitude,  20,  38,  40,  41,  83 

mode,  19-22,37,39^42,83 
torsional  stiffness,  142,  143,  159,  173,  174, 

177,  179-184,  186,  187,  188 
torus  model  calculation,  96 
tosylate,  503 
total  adhesion  force,  707-708,  715, 

735-737,  760 
total  internal  reflection  (TIR),  224-225 

microscopy  (TIRM),  117 
TR.  See  torsional  resonance 
trace  and  retrace,  40,  41 
transition  metal  oxide,  223 
translational  diffusion,  226-227,  230,  233 
transmembrane  transport,  378 
transmission  electron  microscopy  (TEM), 
27-2S,  67-69,  99,  112,  117,  121, 
124,  401,  410,  422 
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transversel  piezo-resistive  effect,  89 
traveling  direction  of  the  sample,  65-67,  70 
TREC  imaging.  See  topography  and 

recognition 
Tresca  criterion,  404 

triangular  cantilever,  10,  11,  60,  61,  77,  85 
tribochemical  reaction,  86,  87,  477,  479 

mechanism,  917-918 
tribochemistry,  485 
triboelectrical  emission,  450 
tribo  electrification,  121 
tribological 

C60,  503-506 

characterization  of  coating,  351,  367-396 

performance  of  coating,  388-389 

problem,  840-841,  843,  844,  846,  848,  858 
triboluminescence,  120 
tribometer,  861,  862 
tribotest  apparatus,  462,  494 
triethoxysilane,  266 
triflamide,  503,  505 
trimer  tip,  312 
true  atomic  resolution,  195,  203,  207,  216,  276 

images  of  insulators,  216 
tubelike  carbon  nanotube,  122 
tungsten,  41,  45 

sphere,  247 

tip,  45 
tuning  fork  force  sensor,  336 
tunneling 

current,  39^13,  46,  49,  50,  195,  196,  200, 
202,  240,  249,  258-259,  272-274 

detector,  47 

tip,  251,253,  254,  271,272 
two-dimensional  (2-D) 

electron  gas  (2-DEG),  286-287 

electron  system  (2-DES),  265,  266 

FKT  model,  255 

histogram  technique,  272 
two-layer-fluid  model,  211 
two-level 

hierarchical  model,  728,  731 

model,  725-726 
two-photon  excitation,  228 

U 

UHV.  See  ultrahigh  vacuum 

ultrahigh  vacuum  (UHV),  112,  113,  118,  131, 

207,  221,  243-246,  243-251,  254, 
257,  258,  261,  269,  272,  275,  276, 
312,  314,  328,  330,  333,  336,  344, 
346,  448,  479 
environment,  243,  249-250,  257 


UHV-AVM,  250 
ultrasmooth  surface,  55 
ultrathin  DLC  coating,  351 
unbinding 

force,  358,  360,  363,  365-373, 
376, 378 

force-driven,  372,  373 
unbonded  Z-DOL  film,  464,  465,  468,  473 
uncoated  Si,  490,  492,  494,  508,  509, 

510-517,520 
undoped  polysilicon,  867-870 
undulation  force,  108 
unfilled  polymer,  563,  564,  576 
unloading  curve,  456^157 
unlubricated 

motor,  921,  922 

Si(l00),  483,  485,  487 
unperturbed  motion,  204 
useful  fiber  radius,  742 


vanadium  carbide,  397 
van  der  Waals  (vdW) 

adhesion,  722,  760 

adhesive  force,  720 

attraction,  51,470,476 

attractive  force,  895 

force,  12, 108, 110, 117-120, 122-123, 
127-130, 133, 137,  150,  197,  209, 
210,  215,  216,  309,  310,  326,  334, 
702,  714-715,  717,  719-722,  749, 
750,  758,  760,  847,  893-895,  916 

interaction,  857,  894,  895 

interaction  energy,  112,  119 

surface,  279-281 
variable  force  mode,  101 
variable  temperature  STM  setup,  243-245 
vdW.  See  van  der  Waals 
velocity 

critical,  173, 180,181,183 

dependence  of  friction,  266-269 

rescaling,  445 

of  vibration,  208 
vertical 

coupling,  42 

nanotube,  508,  509 

RMS-noise,  276 
vertical  noise,  206 

Verwey  transition  temperature,  288-289 
vibration,  309,  317,  323,  332,  333,  338,  344 

amplitude,  208 

external,  39,  43 
vibrational  spectroscopy,  249,  258 
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Vickers 

hardness,  394,  404 

indentation,  531,  540,  542 

indenter,  531 
vinylidene  fluoride,  227 
viscoelastic 

mapping,  3,  6,  16-22,  81-83 

property,  9,  19,  83,  99 
viscoelasticity,  416-417,  432 

mapping,  16-22,  81-83 
viscosity,  111,  115, 123, 146, 147, 165, 

166-170, 183, 184 
viscous 

damping,  315,  346,  365 

dissipation,  19,  27 

drag,  214 

force,  108, 109, 165-167, 170 
vortex  in  superconductor,  268,  269,  289,  290 
V-shaped  cantilever,  60,  62,  63,  247 

W 

wafer  curvature  technique,  967 
wall-climbing  robot,  701,  702,  747,  749,  761 
water 

contact  angle,  737,  755,  760 

films,  215, 219-220,  222 

film  thickness,  721,  735 

vapor,  397,  405^106 

vapor  content,  364,  392 
water-repellent  plant,  897 
wear,  3,  348-351,  367,  369,  379-380, 

386-398,  403,  405^408,  416,  420, 
422,  424^26,  432^436,  439,  440, 
444,  446-448,  448,  453^)55, 
472-474,  482,  487,  495,  502,  503, 
505,  509,  510,  512,  840-842,  845, 
849,  859,  861-869,  875,  881-883, 
887-890,  914-919,  925,  926,  928 

of  biomolecule,  854,  881-891,  928 

contribution  to  friction,  277-279 

damage,  391-392 

damage  mechanism,  391-392 

debris,  49,  66,  68,  71,  99 

depth,  66,  95,  487,  488 

fullerene,  505 

initiation,  489,  526 

map,  886 

mapping,  48-50 

mark,  886,  924,  925 

measurement,  38 

mechanism  map,  49 

nanoscale,  49,  63 

process,  388-390 


profile,  487,  488,  509 
region,  49,  66,  71,99 
resistance,  350,  387-388,  391,  392,  395, 

406,  432,  436,  454 
test,  387-392, 398, 492, 493, 494, 500, 502, 
509,  511,  512,  513,  515,  517,  526, 
527,  842,  861,  867,  879,  880,  886, 
889, 890 
tip,  473,  474,  482 
track,  509 
wear  and  stiction  mechanism,  925,  926,  928 
wear  detection,  electrical  resistance 

measurement,  494,  509-515 
wearless  friction,  487 
wear  mark,  AFM  image,  49,  50,  66,  67 
Weibull  statistics,  970 
weight  function,  205 
Wenzel 

equation,  898-899,  902,  903 
regime,  900-901,  904,  905,  906, 
908-910 
wet  environment,  50-54,  98 
wettability,  84,  503,  504,  505,  513,  872,  897 
wetted  surface,  205,  212-214 
wetting,  133,  144, 161 

surface,  452 
wire  cantilever,  45,  59 
work 

of  adhesion,  140, 143,  707,  708,  724,  735, 

739-740 
hardening,  404,  411,  419^120,  428 
of  indentation,  404,  414^115 
W  tip,  46 

X 

xenon,  242,  245-246,  279-281 

XPS  spectra,  521,523 

x-ray 

lithography,  930-931,  933 
photoelectron  spectroscopy  (XPS), 
422^23,  505,  521-522 


yield  point,  147,170 

load,  418-420 
yield  strength  simulation,  458 
yield  stress,  404,  419,  422,  425,  430 
Young's  modulus,  60,  63,  71,  74,  101,  241, 
242,  245,  270,  274,  706,  708-709, 
868,  879,  913,  948,  949,  967, 
969-970,  972-973 
of  elasticity,  16,  76,  81,  99 
measurement,  951,  955-960,  969 
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Z-15,  84-92 

coefficient  of  friction,  468,  469,  472,  473, 

474,  477,  479,  480,  481,  482,  486 
fully  bonded,  464,  468,  469,  470,  471^74, 

477^482,  486,  487,  488,  525,  526 
Z-DOL,  462^465,  468,  469,  470-474,  477, 

479^482,  487,  488,  525,  526 
Z-DOL 

diffusion  coefficient,  467 

durability,  486,  489,  490,  496,  499,  500, 

502,  503,  526 
film,  38,  84-90,  92,  96,  463,  464,  487,  500 
molecule,  464,  467,  472,  500 
schematic,  462,  464,  477,  479,  480,  481, 

482,  483,  486,  490,  491 
unbonded,  464,  465,  468,  472,  473,  525 


Z-DOL  (fully  bonded),  84, 85-90, 92, 871-875 

durability,  482,  486,  499 

hydrophobicity,  462,  470,  485 

wear  depth,  487,  488 
Zero-deflection  (flat)  line,  469 
Z-15  film,  84-85,  87,  88,  90,  91 

molecularly  thick,  463,  483 

wear  depth,  487,  488 
zinc,  420 

Zisman  plot,  424,  437 
Z-15  lubricant,  84 
Z-TETRAOL 

durability,  489,  490,  496,  499,  500, 
502,  503,  504,  508, 509,  512, 
515,  526,  527 

property,  489,  504,  505,  509,  512,  526 

schematic,  490,  491,  507,  508,  509 


